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INTRODUCTION 

Histone  deacetylases  (HD  AC)  are  a  family  of  enzymes  that  modify  chromatin  structure, 
transcription  factor  acetylation  status,  and  regulate  gene  expression.  Interest  in  HD  AC  as 
a  target  for  anti-cancer  drug  development  is  based  upon  the  antiproliferative  and 
differentiating  activity  of  HD  AC  inhibitors  in  tissue  culture  cell  lines  and  their  anti-tumor 
properties  in  transplanted  tumors  in  animals.  We  are  engaged  in  a  drug  screening  process 
to  identify  antimalarial  drugs,  and  drugs  with  analogous  quinoline  ring  chemical 
structures,  that  promote  the  differentiation  of  human  breast  cancer  cell  lines,  MCF-7  and 
MDA-MB-23 1 .  While  we  have  identified  only  two  new  compounds  that  cause  direct 
inhibition  of  HD  AC  enzyme,  we  have  identified  many  quinoline  ring  compounds  that 
cause  growth  arrest,  differentiation  and  apoptosis  in  human  breast  cancer  cells.  The 
significance  of  this  work  is  that  it  provides  the  basis  for  the  development  of  novel  breast 
cancer  differentiation  agents. 

BODY 

Tasks  1-3  -  Complete 

Task  4  -  Histone  deacetylase  (HD AC)  in  vitro  inhibition  assays,  apoptosis  assays, 
growth  inhibition  assays,  and  cell  differentiation  assays-  Complete. 

Histone  hyperacetylation  assays  with  antimalarials  -  Complete. 

Histone  hyperacetylation  assays  with  the  NSC  (National  Service  Center  of  the  National 
Institutes  of  Health,  Bethesda,  MD)  differentiation  agents  -  Incomplete. 

Data  are  included  in  the  Appendix.  Please  refer  to  the  Table  below  for  the  citations  of 
interest. 


TASK  4  SUMMARY  TABLE 


Assay 

Manuscript 

Figure/Table 

HDAC 

Martirosyan,  et  al. 
Identification  of  Novel 

Breast  Cancer  Cell 
Differentation  Agents  by 
Functional  Screening,  in 
revision. 

Figure  7. 

Apoptosis/Growth 

Inhibition 

Martirosyan,  et  al ,,ibid 

Table  1  and  Figure  8 

Zhou  et  al  (2000)  J.  Biol. 
Chem.  275:  35256 

Figure  6 

Cell  Differentiation 

Lipid  Droplet  accumulation 
assays  and  Ki67  Expression 
assays. 

Martirosyan,  et  al.,  ibid 

Figures  1,2, 4  and  5 

Text  oases  10-11 

Zhou  et  al. ,  ibid 

Figures  7  and  8 

Histone  Hyperacetylation 
(antimalarials) 

Martirosyan,  et  al.,  ibid 

Fisure  3 

Zhou  et  al.,  ibid 

Figures  1  and  9 

Histone  Hyperacetylation 
(NSC  compounds) 

INCOMPLETE 
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Task  5  -  New  objective,  establish  HD  AC  as  a  target  for  ubiquitination  -  Complete. 
Ubiquitinated  HDAC  proteins  were  demonstrated  using  Western  blots.  Total  HDAC1 
was  immunoprecipitated  from  whole  cell  MCF-7  extracts  and  electrophoresed  through 
SDS-polyacrylamide  gels.  After  transfer  and  immobilization  of  the  protein  on 
membranes,  ubiquitinated  HDAC  was  detected  with  polyclonal  antibodies  directed 
against  ubiquitin.  MCF-7  human  breast  cancer  cells  treated  with  chloroquine  or  quinidine 
displayed  increased  levels  of  polyubiquitinated  HDAC  1.  Cells  exposed  to  NSC  3852 
(n=l)  or  NSC  10010  (n=l)  exhibited  a  slight  decrease  in  the  level  of  polyubiquitinated 
HDAC1  compared  with  controls.  This  is  Figure  IB  (Appendix).  We  also  showed  rapid 
loss  of  HDAC  1  protein  from  MCF-7  cells  treated  with  either  chloroquine  or  quinidine, 
but  little  or  no  loss  of  HDAC1  in  response  to  NSC  3852  (Figure  1 A , Appendix). 

Task  6-  Screening  for  inhibition  of  cell  growth  using  the  MTS  (a  tetrazolium  enzyme 
substrate)  assay  for  mitochondrial  dehydrogenase  activity  of  living  cells  and  for  induction 
of  apoptosis  using  the  nucleosome  ELISA  has  been  completed  in  MCF-7  and  MDA-MB- 
23 1  cell  lines.  Please  refer  to  the  Task  4  Summary  Table  above  for  the  location  of  this 
information  in  the  Appendix.  To  complete  task  6,  we  will  perform  MTS,  cell  growth 
curves  and  apoptosis  assays  on  the  MCF-10A  cell  line,  an  immortalized, non-tumorigentic 
human  mammary  epithelial  line. 

Task  7  -  Dropped 

Task  8  -  Two  manuscripts  appeared  in  print  during  2002  as  a  result  of  the  work 
supported  by  this  grant.  Two  abstracts  based  upon  the  work  outlined  in  this  grant  were 
published.  One  abstract  was  presented  in  September,  2002  at  the  DOD  BCRP  meeting; 
one  abstract  was  accepted  for  presentation  at  the  April,  2002  American  Association  for 
Cancer  Research  (AACR)  meeting  in  Toronto  that  was  rescheduled  for  Washington,  DC 
in  July,  2002.  This  abstract  will  be  presented  at  the  AACR  meeting  rescheduled  for  July 
11-13, 2002.  One  manuscript  was  submitted,  but  not  approved  for  publication. 
Experiments  requested  by  this  review  are  in  progress  and  a  re-submission  is  planned.  One 
additional  manuscript  focused  on  the  antitumor  potential  of  one  lead  compound, 
NSC3852,  is  planned. 

Approximately  2  entire  months  were  devoted  to  the  development  of  a  SYBYL  CoMFA 
(conformational  molecular  field  analysis)  based  model  for  the  prediction  of  novel  breast 
tumor  differentiation  agents.  The  minimum  recommended  statistical  parameters  for  the 
establishment  of  a  CoMFA  model  are:  1)  5  compounds,  2)  a  compound  response  range 
of  at  least  2  orders  of  magnitude,  and  3)  an  r2  value  >0.8.  In  our  analyses,  we  analyzed 
our  entire  data  set,  as  well  as  subsets  of  the  compounds,  using  at  least  5  compounds  per 
condition.  We  used  the  Ki67  differentiation  index  as  the  end-point  because  this  was  the 
only  parameter  we  measured  that  had  a  response  range  of  2  orders  of  magnitude  as  well 
as  the  MTS  IC50  values  as  an  end-point.  A  summary  of  the  approaches  used  is  presented 
in  the  CoMFA  Summary  Table  below.  The  structures  of  all  the  compounds  in  our  data 
base  are  presented  in  Figure  2  in  the  Appendix.  None  of  the  CoMFA  approaches  used 
yielded  regression  coefficients  (r2 )  that  showed  a  statistically  valid  model  of  compound 
structure  for  predicting  differentiation  activity  (Ki67  index)  or  growth  inhibition  (IC50). 
Our  conclusion  is  that  a  CoMFA  based  model  cannot  be  developed  from  the  existing  set 
of  compounds. 
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CoMFA  SUMMARY  TABLE 


Compound  Set  Used  in  the 
Analysis 

Templates  Used  for  the 
Chemical  Alignment 

Ki67 

All  compounds  with  a 

a)  Quinoline  ring 

-0.2 

substituted  position  4 

b)  Benzene  ring 

-0.6 

pyrimidine  ring 

c)  Pyrimidine  ring 

-0.2 

All  compounds  with 

a)  benzene  ring 

a)-0.4 

-0.2 

position  2  and  4  substituted 
pyrimidine  ring 

b)  quinoline  ring 

b)-0.4 

-0.6 

9  Compounds  with  Highest 

a)  quinoline  ring 

a)-0.3 

-0.1 

Ki67  Index 

b)  pyrimidine  ring 

b)-0.3 

-0.1 

c)  benzene  ring 

c)-0.2 

-0.5 

Compounds  with  a  single 
quinidine  ring 

Quinoline  ring 

-0.2 

-0.4 

All  compounds 

-0.3 

+0.1 

KEY  RESEARCH  ACCOMPLISHMENTS 

1 .  We  demonstrated  that  HDAC1  protein  in  MCF-7  human  breast  tumor  cells  is  a 

target  for  ubiquitination.  The  antimalarials  chloroquine  and  quinidine  stimulate  levels  of 
HDAC1  ubiquitination  and  lead  to  increased  degradation  of  HD  AC  1. 


REPORTABLE  OUTCOMES 

Manuscripts  published  (2) 

1.  Zhou  Q,  McCracken  MA,  Strobl  JS  (2002)  Control  of  mammary  tumor  cell 
growth  in  vitro  by  novel  cell  differentiation  and  apoptosis  agents.  Breast  Cancer 
Research  and  Treatment  75:  107-117. 

2.  Melkoumian,  ZK,  Martirosyan  AR,  Strobl  JS  (2002)  Myc  protein  is 
differentially  sensitive  to  quinidine  in  tumor  versus  immortalized  breast  epithelial 
cell  lines  International  Journal  of  Cancer  102:  60-69. 

Manuscripts  submitted  (1) 

1 .  Martirosyan  AR,  Bata  RR,  Zhou  Q,  Freeman  AB,  Melkoumian  ZK,  Johnson 
DN,  Howard  RL,  Fazarar  J  ,  Strobl  JS  (2002)  Identification  of  novel  breast 
cancer  cell  differentiation  agents  by  functional  screening  of  antimalarials  and 
related  antiproliferative  quinolines.  Molecular  Cancer  Therapeutics,  in 
revision. 
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Abstracts  (2) 

1 .  Strobl  JS,  Zhou  Q,  Martirosyan  AR  (2002)  Novel  breast  tumor  differentiation 
agents.  Era  of  Hope  POD  Breast  Cancer  Research  Program  Meeting.  Abst# 
31-21.  Poster  presentation  and  Oral  Symposium  Presentation. 

2.  Martirosyan  AR,  Freeman  AB,  Strobl  JS  (2003)  NSC3852,  a  new  histone 
deacetylase  inhibitor  with  breast  tumor  cell  differentiation  activity.  Amer. 
Assoc.  Cancer  Res,.  Abst  #R797.  Poster  presentation. 

Seminar  til 

1 .  “Novel  Differentiation  Therapies  for  Breast  Cancer”  Basic  Biomedical 
Science  Department,  Virgina  College  of  Osteopathic  Medicine,  Blacksburg, 
VA,  November,  2002. 

Funding  Record  (5) 

1 .  Strobl,  JS  (PI)  Susan  G.  Komen  Foundation  BCTR0201 140  “Breast  Tumor 
Differentiation  by  Novel  Agents  Targeting  Histone  Deacetylase 
Ubiquitination  and  Heat  Shock  Proteins”  Status:  Superior  rating,  Alternate 
Grant  Designation,  Not-Funded. 

2.  Strobl,  JS  (PI)  Susan  G.  Komen  Foundation  DISS0201686  “New  Drug 
Candidates  Target  Rb/E2F/Myc  Pathway”  Status:  Not-Funded. 

3.  Strobl,  JS  (PI)  US  Army  BCRP-Concept  Award  “Breast  Tumor 
Differentiation  by  HIF-lalpha  Interference”  Status:  Not-Funded. 

4.  Strobl,  J S  (PI)  WVU  School  of  Medicine  Internal  Grant  # 1 000 1 6 1 W  “Breast 
Tumor  Differentiation  by  Novel  Agents  Targeting  Histone  Deacetylase 
Ubiquitination  and  Heat  Shock  Protein  Pathways”  Status:  Funded. 

5.  Strobl,  JS  (PI)  US  Army  BCRP-Idea  Award  BC030501  “Restoration  of 
Retinoblastoma  Protein  Function  in  Breast  Cancer”  Status:  Pending. 

Training  Opportunities  Supported  (3) 

1 .  Anna  Martirosyan,  M.D.  is  studying  for  the  Ph.D.  degree  in  Pharmacology 
and  Toxicology;  this  grant  provides  stipend  and  supplies  for  her  research. 

2.  Rayhana  Rahim-Bata  is  studying  for  the  Ph.D.  degree  in  Pharmacology  and 
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CONCLUSIONS 

HDAC1  continues  to  be  viewed  as  important  new  target  for  new  cancer  drug  discovery. 
By  stimulating  ubiquitination  and  proteasomal  degradation  of  HD  AC  1  protein  in  MCF-7 
cells,  our  experiments  show  that  the  antimalarials  chloroquine  and  quinidine  modulate  the 
biological  activity  of  this  important  new  cancer  drug  target  in  breast  tumor  cells.  Other 
differentiation  agents  we  identified  (NSC  3852,  NSC  10010)  act  through  different 
mechanisms  in  MCF-7  cells.  NSC  3852  is  a  direct  inhibitor  of  HDAC  enzymatic  activity 
that  does  not  stimulate  HDAC1  ubiquitination.  NSC  10010  actively  promotes  breast 
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tumor  differentiation  agent,  but  does  not  stimulate  HDAC1  ubiquitination  or  inhibit 
HD  AC  enzyme  activity.  The  identification  of  novel  breast  tumor  differentiation  agents 
with  different  modes  of  action  opens  the  possibility  for  new  combinations  of  drugs  to 
achieve  even  more  effective  control  of  tumor  growth  through  the  induction  of  cell 
differentiation.  The  CoMFA  approach  of  the  current  compound  data  base  failed  to 
provide  a  predictive  model  for  the  refinement  of  quinolines  as  breast  tumor 
differentiation  agents.  The  structural  diversity  of  compounds  within  this  data  base  was 
such  that  compounds  capable  of  stimulating  differentiation  through  multiple  mechanisms 
were  included,  thus  explaining  the  failure  to  define  a  single  critical  pharmacophore. 

In  silico  (computer  simulated-analysis)  of  the  absorption-distribution  properties  of  NSC 
3852  indicates  that  this  compound  has  promise  for  further  drug  development.  It  is  a  low 
molecular  weight  compound  (M.W.  174)  with  less  than  5  hydrogen  bond  acceptors  and 
only  one  hydrogen  bond  donor.  It  has  two  potential  routes  of  absorption  via  paracellular 
(between  cells)  and  passive  diffusion,  and  is  highly  unlikely  to  be  a  substrate  for  the 
multi-drug  resistance  pump.  Future  work  will  focus  on  the  further  development  of  NSC 
3852  as  a  therapeutic  agent  alone  and  in  combination  with  chloroquine  for  breast  cancer 
treatment. 

REFERENCES 

none 

APPENDICES 

Figure  1 .  (A)  HDAC1  ubiquitination  in  MCF-7  cells;  (B)  HDAC1  protein  levels  in  MCF- 
7  cells. 

Figure  2.  Quinoline  Data  base  Structures  for  CoMFA. 

Manuscript  1.  Zhou,  et  al.  (2002)  Breast  Cancer  Research  and  Treatment  75:  107-1 17. 

Manuscript  2.  Melkoumian,  et  al.  (2002)  International  Journal  of  Cancer  102:  60-69. 

Manuscript  3.  Martirosyan,  et  al.  (2003)  Identification  of  novel  breast  cancer  cell 
differentiation  agents  by  functional  screening  of  anitmalarials  and  related 
antiproliferative  quinolines.  In  revision. 

Abstract  1.  Strobl,  et  al.  (2002)  Novel  breast  tumor  differentiation  agents.  Era  of  Hope 
#31-21. 

Abstract  2.  Martirosyan,  et  al.  (2003)  NSC3852,  a  new  histone  deacetylase  inhibitor  with 
breast  tumor  cell  differentiation  activity.  AACR  #R797. 
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Control  of  mammary  tumor  cell  growth  in  vitro  by 
novel  cell  differentiation  and  apoptosis  agents 

Qun  Zhou1,  Meredith  A.  McCracken2,  and  Jeannine  S.  Strobl1,2 

1  Department  of  Biochemistry  and  Molecular  Pharmacology,  2  Genetics  and  Developmental  Biology  Program,  West 
Virginia  University,  Morgantown ,  WV,  USA 
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Summary 

The  use  of  breast  tumor  differentiating  agents  to  complement  existing  therapies  has  the  potential  to  improve  breast 
cancer  treatment.  Previously  we  showed  quinidine  caused  MCF-7  cells  to  synchronously  arrest  in  G1  phase  of  the 
cell  cycle,  transition  into  GO  and  undergo  progressive  differentiation.  After  72-96  h  cells  became  visibly  apoptotic. 
Using  several  analogs  of  quinidine  we  determined  that  MCF-7  cell  cycle  exit  and  differentiation  are  typical  of 
quinoline  antimalarial  drugs  bearing  a  tertiary  amine  side  chain  (chloroquine,  quinine,  quinidine).  Differentiated 
cells  accumulated  lipid  droplets  and  mammary  fat  globule  membrane  protein.  Apoptosis  was  assayed  by  a  nucle- 
osome  release  ELISA.  Quinidine  and  chloroquine  triggered  apoptosis,  but  not  quinine,  a  quinidine  stereoisomer 
that  displayed  weak  DNA  binding.  The  apoptotic  response  to  quinidine  and  chloroquine  was  p5 3 -dependent.  A 
4-15-fold  induction  of  p21(WAFl)  protein  was  observed  in  cells  treated  with  quinidine  or  chloroquine  prior  to 
apoptosis,  but  p21(WAFl)  was  not  increased  in  cells  that  differentiated  in  response  to  quinine.  Chloroquine  was 
most  active  in  stimulating  MCF-7  apoptosis,  and  quinine  was  most  active  in  promoting  MCF-7  cell  differenti¬ 
ation.  We  conclude,  distinct  mechanisms  are  responsible  for  breast  tumor  cell  differentiation  and  activation  of 
apoptosis  by  quinoline  antimalarials.  Alky lamino- substituted  quinoline  ring  compounds  represented  by  quinidine, 
quinine,  and  chloroquine  will  be  useful  model  compounds  in  the  search  for  more  active  breast  tumor  differentiating 
agents. 


Introduction 

Our  laboratory  is  investigating  the  use  of  quinoline 
antimalarials  as  inexpensive  drugs  with  low  toxicity 
for  adjuvant  breast  cancer  treatment.  Quinidine  is 
a  natural  alkaloid  that  is  derived  from  the  bark  of 
the  cinchona  tree.  Quinidine  is  used  therapeutically 
to  treat  cardiac  arrhythmia  and  malaria.  Quinine  is 
present  in  cinchona  tree  bark  in  even  higher  con¬ 
centrations  than  quinidine.  Quinine  has  antimalarial 
activity  equivalent  to  that  of  quinidine  but  is  not  used 
as  an  anti  arrhythmic  agent  [1].  Interestingly,  quinidine 
and  quinine  are  stereoisomers  (Figure  1).  In  quinid¬ 
ine,  the  secondary  alcohol  of  the  side-chain  in  the 
4-position  of  the  quinoline  ring  is  the  dextrorotary 
conformation  while  in  quinine  the  4-hydroxyl  group 
exists  in  the  levorotatory  conformation.  The  synthetic 


alkaloid,  chloroquine  is  a  more  potent  antimalarial 
than  either  quinidine  or  quinine.  Chloroquine  is  a  4- 
alkylamino  substituted  quinoline  that  also  possesses  a 
chlorine  substitution  at  the  7-position  of  the  ring.  Des¬ 
pite  chloroquine’s  structural  similarities  with  quinine 
and  quinidine,  chloroquine  has  a  different  mechanism 
of  antimalarial  activity,  and  chloroquine-resistant  mal¬ 
aria  responds  to  quinine  treatment.  The  quinoline  ring 
by  itself  lacks  antimalarial  or  antiarrhythmic  activity 
indicating  that  therapeutic  properties  are  conferred  by 
the  side  chain  substituents.  This  group  of  pharma¬ 
cologically  active  compounds  might  have  anticancer 
properties. 

We  reported  previously  that  quinidine  causes  mod¬ 
erate  growth  arrest  and  morphologic  differentiation  of 
human  breast  cancer  cells  in  vitro  [2-4].  In  an  experi¬ 
ment  which  compared  MCF-7  cell  numbers  after  5 
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Figure  1 .  Structures  of  antimalarials. 


days  growth  in  the  presence  and  absence  of  quinid¬ 
ine,  25  |xM  quinidine  was  found  to  reduce  the  increase 
in  cell  numbers  by  50%  [2].  Quinidine  promoted  cell 
cycle  arrest  in  Gl,  exit  into  GO  marked  by  a  loss  of 
expression  of  Ki67  antigen,  and  lipid  droplet  accumu¬ 
lation  and  cytoplasmic  enlargement,  morphological 
evidence  of  cellular  differentiation  [3,  4].  Accumula¬ 
tion  of  MCF-7  cells  in  the  G1/G0  phase  of  the  cell 
cycle  was  maximal  between  24  and  48  h  with  90  |xM 
quinidine.  The  potassium  channel  blocking  activity 
of  quinidine  is  implicated  in  the  Gl  arrest  of  MCF- 
7  cells,  although  the  signaling  pathway  has  not  yet 
been  elucidated  [3].  The  mechanism  of  quinidine  ac¬ 
tion  on  growth  in  MCF-7  cells  involves  a  number  of 
changes  in  cell  cycle  proteins  that  regulate  progression 
through  Gl  phase  [4,  5].  Quinidine  (90  jxM)  treatment 
caused  increased  p21(WAFl),  p53,  and  p27  protein 
levels,  and  decreased  cyclin  Dl,  phosphorylated  pRb, 
and  Myc.  Quinidine  also  raised  levels  of  acetylated 
histone  H4,  a  response  that  has  been  correlated  with 
cellular  differentiation  in  breast  tumor  cells  [4,  6].  The 
differentiation  response  to  quinidine  in  MCF-7  cells 
was  well  developed  by  48-72  h.  In  cells  continously 


exposed  to  quinidine  for  72-96  h,  apoptotic  nuclei 
stained  with  Hoechst  dye  were  apparent  [3],  suggest¬ 
ing  that  quinidine  causes  both  growth  arrest,  via  cell 
cycle  arrest  and  differentiation,  and  cell  death. 

The  present  report  describes  the  results  of  a  com¬ 
parative  study  of  the  effects  of  quinidine,  quinoline 
and  two  additional  quinoline  antimalarials,  quinine 
and  chloroquine  on  MCF-7  cell  apoptosis  and  differ¬ 
entiation.  Our  data  show  that  quinoline  antimalarials 
inhibit  growth  of  human  breast  cancer  cells  in  vitro 
and  support  the  hypothesis  that  quinoline  antimalarials 
cause  cellular  differentiation  and  apoptosis  via  distinct 
pathways. 


Materials  and  methods 

Chemicals 

Chloroquine  (CL),  Oil  Red  O  (ORO),  quinidine  (QD), 
quinine  (QN),  quinoline  (QL)  and  trichostatin  A 
(TSA)  were  purchased  from  Sigma  Chemical  Com¬ 
pany  (St.  Louis,  MO). 
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Tissue  culture 

Permanent  cell  lines  derived  from  patients  with 
breast  carcinoma  were  used  in  these  studies.  MCF-7 
cells  between  passage  numbers  30-50,  MCF-7ras, 
T47D  and  MDA-MB-231  cells  were  maintained 
in  Dulbecco’s  Modified  Eagle’s  medium  (DMEM) 
(Bio Whittaker,  Walkersville,  MD)  supplemented 
with  10%  heat-inactivated  fetal  bovine  serum  (FBS) 
(Hyclone  Laboratories,  Inc.,  Logan,  Utah),  and 
40ug/ml  gentamicin.  Experiments  were  performed 
in  DMEM/5%FBS.  The  cells  were  cultured  at 
37°C  in  a  humidified  atmosphere  of  93%  air/7% 
C02. 

MTS  (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy- 
methoxyphenyl)-2-(  4-sulfophenyl)- 
2H-tetrazolium)  assay 

MCF-7  cells  were  plated  at  4.0  x  103  cells/well  in 
96-well  plates  in  225  |xl  of  DMEM/5%  FBS.  Twelve 
hours  after  plating,  the  test  agents  were  added  and 
the  cells  were  incubated  for  an  additional  48  h.  Cell 
growth  was  measured  using  a  MTS  assay  kit  (Cell- 
Titer  96  AQueous  one  solution  assay,  Promega, 
Madison,  WI)  according  to  the  manufacturer’s  in¬ 
structions.  Assays  were  repeated  at  least  three  times. 
The  concentration  of  each  agent  that  inhibited  cell 
growth  by  50%  (IC50)  was  determined  using  non¬ 
linear  regression  analysis  to  fit  the  inhibition  data 
(Prism  3.0,  GraphPad  Software,  Inc.,  San  Diego, 
CA). 

Ki67  immunohistochemical  assay 

An  immunohistochemical  assay  for  Ki67  antigen  was 
performed  according  to  the  protocol  described  by 
Wang  et  al.  [3].  MCF-7  cells  (2  x  105/dish)  were 
plated  on  ethanol-washed  glass  coverslips  in  35  mm2 
dishes.  Twelve  hours  after  plating,  test  compounds 
were  added  to  the  medium  using  the  IC50  deter¬ 
mined  in  the  MTS  assay.  Forty-eight  hours  later, 
the  cells  were  fixed  in  acetone: ethanol  (50:50)  on 
ice  for  10  min,  and  washed  with  PBS-0.15%  bovine 
serum  albumin  (BSA,  fraction  V,  Sigma)  (PBS-BSA). 
Cells  were  incubated  for  10  min  with  0.3%  hydro¬ 
gen  peroxide  in  methanol,  rinsed  with  PBS-BSA, 
and  incubated  for  30  min  with  10%  horse  serum 
in  PBS-BSA.  Cells  were  incubated  for  60 min  with 
the  primary  antibody  Ki67  (MIB-1,  Dako  Corpora¬ 
tion,  Glostrup,  Denmark)  diluted  in  PBS-BSA  (1 : 77). 
After  rinsing  with  PBS-BSA,  the  secondary  antibody, 


biotinylated  horse  anti-mouse  IgG  (Vector  Laborator¬ 
ies,  Burlingame,  CA)  diluted  in  PBS-BSA  (1 : 250) 
was  added  for  30  min.  The  cells  were  rinsed  with 
PBS-BSA  and  incubated  for  30  min  with  the  avidin- 
biotin-peroxidase  reagent  (Vector  Laboratories).  After 
rinsing  with  PBS,  the  antigen-antibody  complexes 
were  visualized  using  diaminobenzidine  (Stable  DAB, 
Research  Genetics,  Huntsville,  AL).  The  cells  were 
counterstained  with  Mayer’s  hematoxylin  (Fisher  Sci¬ 
entific,  Pittsburgh,  PA),  and  the  coverslips  mounted 
using  Permount  (Fisher).  Ki67  negative  cells  were 
visualized  by  light  microscopy  (400  x  objective,  Or¬ 
tholux  microscope,  Ernst  Leitz,  Wetzlar,  Germany). 
The  percentage  of  Ki67  negative  cells  in  a  population 
of  at  least  500  cells  per  experimental  condition  was 
determined. 

Oil  red  O  assay 

Lipid  droplet  accumulation  in  the  cytoplasm  was 
measured  using  Oil  Red  O  (ORO)  staining  [7].  MCF- 
7  cells  (1  x  105  per  dish)  were  plated  on  ethanol- 
washed  glass  coverslips  in  35  mm2  dishes.  Cells  were 
treated  with  drug  or  vehicle  for  48-72  h,  fixed  in  10% 
formaldehyde-0.2%  calcium  acetate  in  PBS  for  3  min 
and  stained  for  10  min  using  the  ORO  stock  solution 
(0.5%  ORO  in  98%  isopropanol)  diluted  6:4  in  dis¬ 
tilled  water.  The  coverslips  were  rinsed  in  tap  water, 
counterstained  with  Mayer’s  Hematoxylin  solution, 
and  mounted  using  50 :  50  (v/v)  glycerol/water.  Lipid 
droplet  accumulation  was  visualized  by  light  micro¬ 
scopy  (400  x).  Positive  ORO  cells  had  at  least  10 
lipid  droplets  per  cell.  The  percentage  of  positive  ORO 
cells  was  determined  by  counting  at  least  300  cells  per 
experimental  condition. 

Western  blotting 

Cells  were  harvested  from  confluent  T-75  flasks  and 
subcultured  (1  x  106)  in  100  mm2  dishes.  Cell  lysates 
were  prepared  by  scraping  cells  into  ice-cold  harvest¬ 
ing  buffer  (1%  SDS-lOmM  Tris-HCl,  pH  7.4).  The 
lysates  were  boiled  for  5  min,  and  protease  inhibit¬ 
ors  added  (Protease  Inhibitor  Mixture,  Roche  Applied 
Sciences,  Indianapolis,  IN).  The  supernatants  were 
collected  after  centrifugation  in  an  Eppendorf  micro¬ 
centrifuge  (14,000  rpm,  5  min)  at  4°C.  The  protein 
concentration  of  the  supernatant  was  determined  using 
a  BCA  protein  assay  (Pierce,  Rockford,  IL)  and  BSA 
as  a  standard.  Equal  amounts  of  protein  were  loaded 
onto  12%  SDS-poly acrylamide  mini-gels.  Colored 
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molecular  weight  protein  markers  (Amersham  Phar¬ 
macia  Biotech  Inc.,  Piscataway,  NJ)  were  used  to 
estimate  the  molecular  weight  of  the  immunoreactive 
proteins.  Proteins  were  transferred  to  polyvinylidene 
difluoride  membranes  (PVDF,  Invitrogen,  Carlsbad, 
CA)  and  blocked  overnight  at  4°C  using  3%  non-fat 
milk  blocking  buffer  (3  g  non-fat  dry  milk  per  100  ml 
of  TBS  (20  mM  Tris-HCl,  pH  7.5,  0.5  M  NaCl)  and 
0.05%  (v/v)  Tween  20.  Membranes  were  incubated  for 
3  h  at  room  temperature  with  the  following  primary 
antibodies:  mouse  monoclonal  anti-p21  (WAF1) 
(Ap-1),  mouse  monoclonal  anti-p53  (Ap-5)  (Onco¬ 
gene,  Cambridge,  MA)  or  mouse  anti-human  milk 
fat  globule  membrane  (MFGM)  protein  (MAB-4043, 
Chemicon  International,  Temecula,  CA).  The  primary 
antibodies  were  diluted  1 : 500  in  Western  wash¬ 
ing  solution  (0.1%  non-fat  dry  milk,  0.1%  albumin 
(chicken  egg),  1%  (v/v)  FBS,  10%  (v/v)  of  10  x 
PBS,  pH  7.3,  0.2%  (v/v)  Tween-20).  After  washing 
three  times  with  Western  washing  solution  and  one 
time  with  TBS,  the  antigen-antibody  complexes 
were  incubated  1  h  at  room  temperature  with 
HRP  (horseradish  peroxidase)-conjugated  secondary 
antibody  (anti-mouse  IgG-HRP,  Santa  Cruz  Biotech¬ 
nology)  diluted  1 : 3000  in  Western  washing  solu¬ 
tion.  After  washing  three  times  with  TBS,  antibody 
binding  was  visualized  using  enhanced  chemilumines¬ 
cence  (SuperSignal  West  Pico,  Pierce)  and  autoradio¬ 
graphy. 

Densitometric  analysis 

Autoradiograms  of  the  Western  immunoblots  were 
scanned  using  Chemilmager  software  (Alpha  Inno¬ 
tech  Corporation,  San  Leandro,  CA).  The  blots  were 
adjusted  for  brightness  and  contrast,  and  the  mean 
density  for  each  band  was  analyzed  using  Chemilm¬ 
ager  analysis  program.  The  background  value  was 
subtracted  from  each  individual  object. 

Cell  death  ELISA  ( enzyme-linked  immunosorbent 
assay) 

Apoptotic  cells  were  measured  using  the  cell  death 
ELISA  kit  (Roche  Applied  Science).  Cells  (4.0  x  103) 
were  plated  in  each  well  of  96-well  plates  and 
treated  in  triplicate  with  either  drug  or  vehicle  (con¬ 
trol  cells)  for  48  or  72  h.  Cell  cytoplasmic  fractions 
were  prepared  and  20fil  aliquots  were  transferred 
into  streptavidin-coated  microtiter  plates  (MTP)  for 
analysis  as  per  the  instructions  of  the  supplier.  Ap¬ 
optosis,  measured  as  nucleosome  release  into  the 


cytoplasmic  fraction,  was  quantified  spectrophotomet- 
rically  (A^snm,  EL340  Biokinetics  Reader,  Bio- 
Tek  Instruments,  Winooski,  Vermont)  using  ABTS 
(2,2-Azino-di-3-ethylbenzthiazolin-sulfonat)  as  the 
substrate. 

P21(WAF1)  ELISA 

Cells  were  plated  (1  x  106  cells/100  mm2  dish);  12  h 
later  MTS  IC50  of  each  test  agent  were  added  to 
the  medium  and  incubated  for  24  h.  Fifty  micro¬ 
grams  protein  aliquots  of  the  cell  lysates  were  assayed 
for  p21(WAFl)  using  a  colorimetric  ELISA  (Onco¬ 
gene,  Boston,  MA)  according  to  the  manufacturer’s 
instructions. 

DNA  binding  assay 

Chloroquine,  quinidine,  and  quinine  emit  an  intense 
blue  fluorescence  when  excited  by  ultraviolet  light 
[8].  Intercalation  into  DNA  quenches  the  chloroquine 
fluorescence  [9],  and  this  principle  is  the  basis  of  the 
fluorescence  assay  we  used  to  assess  DNA  binding  by 
quinidine  and  quinine.  Stock  solutions  of  chloroquine, 
quinidine,  and  quinine  in  water  were  diluted  1 : 1  in 
1 0  mM  Tris,  1  mM  EDTA,  pH  8  (TE)  or  TE  containing 
1  fig  of  lambda  DNA  (Invitrogen,  Carlsbad,  CA)  to  a 
final  concentration  of  100  fig  drug/ml.  The  final  reac¬ 
tion  volume  was  20  fil.  Drugs  or  drugs  plus  DNA  were 
incubated  for  15  min  at  room  temperature  in  the  dark 
in  a  96-well  plate  (Nunc  Immunoplate,  Nunc  Nalge 
International).  Fluorescence  was  then  measured  using 
a  CytoFluor4000  (PerSeptive  Biosystems)  instrument 
using  an  excitation  wavelength  of  360  nm  and  an  emis¬ 
sion  wavelength  of  460  nm.  Background  fluorescence 
from  TE  alone  or  TE  plus  DNA  samples  was  subtract¬ 
ed  from  each  measurement  as  appropriate.  Data  were 
expressed  as  the  fluorescence  quench  ratio  defined 
as  the  average  fluorescence  of  drug  alone  (Eml) 
divided  by  that  of  drug  in  the  presence  of  DNA 
(Em2). 

Statistical  analysis 

Data  are  expressed  as  the  meaniSE  for  n  num¬ 
ber  of  replicates  as  indicated  in  the  figure  legends. 
One-way  ANOVA  (analysis  of  variance)  followed  by 
Bonferroni’s  f-tests  were  used  to  assess  statistically 
significant  differences  between  control-  and  drug- 
treated  groups  (GraphPad  Instat,  Intuitive  Software  for 
Science,  San  Diego,  CA). 
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Figure  2.  Antimalarials  inhibited  MTS  metabolism  in  MCF-7  cells.  MCF-7  cells  (4000  cells/well)  were  grown  in  96  well  plates  in  the  presence 
of  increasing  concentrations  of  each  antimalarial  for  48  h.  Cell  growth  was  estimated  using  the  MTS  assay.  The  IC50  value  for  each  agent  was 
determined  using  nonlinear  regression  analysis  to  fit  inhibition  data.  Data  are  the  mean  ±  SE  of  three  independent  experiments  performed  in 
quadruplicate.  MTS  activity  of  untreated  cells  was  set  100%.  The  IC50  value  for  each  antimalarial  is  shown  in  each  panel. 


Results 

Antimalarials  inhibit  growth  and  promote  MCF-7 
cell  differentiation 

Quinidine  inhibits  MCF-7  cell  proliferation,  and  to 
test  whether  this  is  a  general  response  to  struc¬ 
turally  related  chemicals,  the  effects  of  quinidine, 
quinine,  chloroquine,  and  quinoline  on  MCF-7  cell 
growth  were  compared.  The  MTS  assay  directly  mea¬ 
sures  mitochondrial  metabolic  activity;  none  of  the 
test  agents  directly  inhibited  mitochondrial  metabol¬ 
ism  of  MTS  after  a  2h  or  a  6h  exposure  (data  not 
shown).  Therefore,  MTS  activity  measured  after  48  h 
incubation  with  these  compounds  is  a  valid  measure 
of  the  number  of  surviving  cells  (Figure  2).  The  IC50 
was  estimated  for  each  drug  in  the  MTS  assay,  and  the 
order  of  potency  of  the  compounds  was  chloroquine 
(IC50,  33  \iM)  >  quinine  (IC50,  40  p,M)  >  quinoline 
(IC50,  62  |iM)>  quinidine  (IC50,  110|xM).  The  ef¬ 
fects  of  chloroquine,  quinine,  quinoline,  and  quinidine 
on  cell  numbers  were  investigated  using  the  IC50  val¬ 
ues  determined  in  the  MTS  assay.  Chloroquine  (IC50, 


33  |xM)  caused  a  ~60%  decrease  in  cell  numbers  after 
a  60  h  incubation  as  compared  with  control,  growing 
MCF-7  cells  suggesting  that  chloroquine  caused  cell 
death.  In  parallel  cell  cultures  incubated  with  MTS 
IC50  of  quinoline,  quinidine,  and  quinine,  the  cell 
numbers  after  60  h  did  not  differ  from  the  plating 
density.  These  compounds  may  primarily  arrest  cell 
growth,  or  alternatively  permit  a  limited  amount  of 
proliferation  balanced  by  cell  loss  (Figure  3). 

Earlier  studies  showed  quinidine  caused  G1  arrest 
and  exit  from  the  cell  cycle  [3].  Ki67  is  a  nuclear 
protein  that  is  expressed  throughout  the  cell  cycle. 
The  absence  of  Ki67  protein  is  a  marker  for  non¬ 
proliferating  cells  that  have  entered  GO  phase,  and, 
therefore,  provides  a  means  of  monitoring  whether 
cell  cycle  exit  might  contribute  to  growth  arrest  [10]. 
By  measuring  Ki67  expression  immunohistochemic- 
ally,  chloroquine  (33}xM),  quinidine  (HOpM),  and 
quinine  (40|xM)  were  shown  to  promote  exit  from 
the  cell  cycle  by  48  h.  Under  normal  culture  condi¬ 
tions,  95%  of  MCF-7  cells  are  engaged  in  the  cell 
cycle,  and  express  Ki67  antigen;  5%  of  the  cells  in 
the  control  population  were  negative  for  immunore- 
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Figure  3.  Effects  of  antimalarials  on  cell  growth.  MCF-7  cells 
(5  x  105)  growing  in  60mm2  dishes  in  DMEM/5%FBS  were 
treated  with  concentrations  of  antimalarials  corresponding  to  50% 
inhibition  of  MTS  activity  as  measured  at  48  h.  After  60  h  incuba¬ 
tion  with  antimalarials  or  solvent  alone,  viable  cells  that  excluded 
trypan  blue  were  counted  using  hemacytometer.  Data  are  the  mean 
of  n  =  3  ±  SE  independent  experiments. 


active  Ki67  (Figure  4(A)).  The  percentage  of  Ki67 
negative  MCF-7  cells  after  48  h  growth  in  the  presence 
of  chloroquine,  quinidine  or  quinine  increased  6-7- 
fold  to  3CM0%  compared  to  control  cells  (p  <0.01) 
(Figure  4(A)).  Thus,  growth  inhibition  by  chloroquine, 
quinine,  and  quinidine  can  be  explained  in  part  by  exit 
of  cells  from  the  cell  cycle.  Quinoline  (62  |iM),  how¬ 
ever,  caused  cell  numbers  to  stabilize  without  shifting 
cells  into  GO. 

Quinine,  chloroquine,  and  quinidine  also  were 
similar  in  their  ability  to  promote  a  more  differen¬ 
tiated  phenotype  in  MCF-7  cells,  the  accumulation 
of  ORO  positive  lipid  droplets  in  the  cytoplasm  [11] 
(Figure  4(B)).  Quinoline  was  inactive  in  this  assay  as 
well.  The  data  suggest  that  the  stereoisomers,  quin¬ 
idine,  and  quinine  act  similarly,  but  with  different 
potency,  causing  growth  arrest,  exit  from  the  cell  cycle 
and  differentiation.  Chloroquine  was  more  potent  and 
more  toxic  than  quinidine  and  quinine.  Chloroquine 
caused  cell  cycle  exit;  examination  of  the  cells  after 
ORO  staining  revealed  morphologic  evidence  of  dif¬ 
ferentiation  (lipid  droplets)  as  well  as  apoptotic  cell 
death  (condensed  cells  with  heavy  nuclear  staining 
with  hematoxylin).  Quinoline  caused  arrest  of  cell 
growth  without  promoting  cell  cycle  exit  or  any  evid¬ 
ence  of  differentiation.  Quinoline-treated  cells  showed 
no  evidence  of  cytotoxicity,  and  the  mechanism  for  the 
growth  arrest  is  unclear. 

In  breast  cells,  the  human  milk  fat  protein  is  an¬ 
other  cell  differentiation  marker  [12].  The  monoclonal 
antibody  MFGM  identifies  antigens  found  on  the  milk 
fat  globule  membrane,  which  surrounds  milk  fat  [13]. 
The  expression  of  MFGM  protein  was  measured  by 


western  blot  analysis  in  MCF-7  cells  exposed  to  an¬ 
timalarials  for  48  h.  The  densitometric  signals  in  ar¬ 
bitrary  units  derived  from  scanning  the  immunoblots 
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Figure  4.  Cell  differentiation  by  antimalarials.  Ki67  expression, 
lipid  droplet  accumulation  and  human  MFGM  levels  were  meas¬ 
ured  in  MCF-7  cells.  MCF-7  cells  were  grown  in  35  mm2  dishes 
on  sterile  glass  coverslips  in  DMEM/5%FBS.  Cells  were  treated 
with  solvent  (distilled  H2O)  or  the  MTS  IC50  of  each  antimalarial 
for  48  h  (A)  Ki67  immunoreactivity  was  performed  as  previously 
described  by  Wang  et  al.  [3].  The  data  represent  the  mean  percent¬ 
age  of  Ki67  negative  cells  in  each  treatment  group  {n  —  3  ±  SE); 
500  cells  per  experiment  were  counted.  (B)  Lipid  droplet  accumu¬ 
lation  was  measured  using  ORO  staining  in  MCF-7  cells  treated 
with  antimalarials.  The  data  represent  the  percentage  ORO  positive 
cells  in  each  treatment  group  {n  =  3  ±  SE);  300  cells  per  treatment 
were  counted.  (C)  Protein  aliquots  (25  ug)  from  the  cell  lysates  were 
separated  by  12%  SDS-polyacrylamide  gel  electrophoresis  and  ana¬ 
lyzed  by  western  blotting  using  an  antibody  specific  for  MFGM. 
Actin  protein  was  used  as  a  loading  control.  Data  are  representive 
of  two  independent  experiments.  Statistically  significant  differences 
between  control  and  treatment  groups  are  indicated  (*,/?<  0.05;  **, 
p<  0.01). 
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is  provided  in  parantheses  following  each  treatment. 
Quinidine  (8872),  quinine  (7548),  and  chloroquine 
(8205)  increased  MFGM  protein  compared  with  con¬ 
trol  (5241)  MCF-7  cells  (Figure  4(C)).  In  contrast, 
MFGM  protein  levels  were  not  changed  by  quinoline 
(5312)  treatment.  Changes  of  MFGM  in  MCF-7  cells 
by  quinidine,  quinine,  and  chloroquine  are  consist¬ 
ent  with  induction  of  lipid  droplets.  The  coinduction 
of  MFGM,  and  lipid  droplets  support  our  conclu¬ 
sion  that  quinidine,  quinine,  and  chloroquine  caused 
differentiation  in  MCF-7  cells. 

Effect  of  antimalarials  on  apoptosis  in  MCF-7  cells 

Morphological  evidence  that  quinidine  activated  ap¬ 
optosis  in  MCF-7  cells  [3]  prompted  examination  of 
apoptosis  in  cells  exposed  to  antimalarials  using  the 
nucleosome  release  assay.  Levels  of  apoptosis  after  48 
and  72  h  were  measured  over  a  range  of  concentra¬ 
tions  that  spanned  the  respective  MTS  IC50  values  for 
each  compound.  Etoposide  (30  uM),  a  topoisomerase 
II  inhibitor,  elicits  nucleosomal  laddering  in  MCF-7 
cells  and  was  used  as  a  positive  control  for  this  assay 
[14].  The  enrichment  of  apoptotic  response,  defined 
as  the  ratio  of  the  apotosis  signal  in  the  presence  and 
absence  of  MTS  IC50  concentrations  of  antimalarials, 
calculated  after  48  and  72  h  is  summarized  in  Table  1. 
The  concentration-response  curve  measured  for  each 
compound  at  72  h  is  shown  in  Figure  5. 

Quinidine  and  chloroquine  stimulated  nucleosome 
release  in  MCF-7  cells  in  a  concentration-dependent 
fashion  (p  <  0.05).  Chloroquine  was  more  potent  than 
quinidine  and  apoptosis  was  more  extensive  in  cells 
exposed  to  chloroquine  than  quinidine.  In  contrast, 


Table  1.  The  apoptosis  enrichment  factor  was  calculated  using 
data  obtained  from  ELISA,  and  is  the  ratio:  units  of  absorbance 
drug  treatment  group/units  of  absorbance  control  group 


Compounds 

Apoptosis  enrichment  factor 

(mean  ±  SE,  N  =  3) 

48  h 

72  h 

Quinoline  (62  uM) 

1.00  d=  0.06 

1.09  ±0.03 

Quinine  (40  uM) 

1.13  ±0.09 

1.19  ±0.07 

Quinidine  (llOuM) 

1.50  ±0.10* 

1.73  ±0.09* 

Chloroquine  (33  uM) 

1.75  ±0.14* 

1.82  ±0.07* 

Etoposide  (30  uM) 

2.74±0.13* 

1.23  ±0.20 

Trichostatin  A  (35  nM) 

0.96  ±0.06 

0.91  ±0.05 

Results  of  treatment  times  of  48  h  and  72  h  are  compared. 

Data  shown  are  the  mean  ±  SE  of  three  experiments  performed 
in  triplicate. 

*,  p  <  0.05  for  drug  treatment  versus  control. 


quinoline,  and  quinine  treatments  did  not  change  nuc¬ 
leosome  release  as  compared  with  controls  ( p  >  0.05). 
Quinoline  displayed  incomplete  inhibition  of  MTS 
activity,  no  differentiating  activity,  and  was  not  expec¬ 
ted  to  activate  apoptosis.  However  quinine  inhibited 
MTS  metabolism  nearly  as  potently  as  chloroquine, 
and  stimulated  cellular  differentiation.  The  experi¬ 
ments  provide  evidence  that  apoptosis,  measured  by 
nucleosome  release,  is  differentially  stimulated  by  the 
stereoisomers,  quinidine,  and  quinine,  while  exit  from 
the  cell  cycle,  differentiation,  and  antimalarial  activity 
are  all  stereo  non-selective  responses. 

To  investigate  the  stereoselectivity  of  the  apop¬ 
totic  response  further,  levels  of  p53  and  a  down¬ 
stream  target  of  p53,  p21(WAFl),  were  measured 
in  MCF-7  cells  exposed  for  24  h  to  quinidine,  quin¬ 
ine,  chloroquine  or  quinoline.  At  their  MTS  IC50 
levels,  quinidine  and  chloroquine  elevated  p53  pro¬ 
tein  in  MCF-7  cells,  but  in  cells  exposed  to  quinine 
and  quinoline,  p53  was  undetectable  (Figure  6(A)). 
Protein  p21(WAFl)  was  increased  in  chloroquine 
and  quinidine  treated  cells,  but  not  in  quinine  or 
quinoline  treated  cells  (Figure  6(B)).  An  ELISA  was 
performed  on  MCF-7  whole  cell  extracts  to  quantify 
the  changes  in  p21(WAFl)  protein  in  response  to  the 
antimalarials  (Figure  7(A)).  Trichostatin  acid  (TSA) 
was  used  as  a  positive  control  for  these  experiments. 
Transcription  of  p21(WAFl)  and  p21(WAFl)  pro¬ 
tein  levels  have  been  shown  to  be  increased  by  TSA 
[15,  16].  Chloroquine  caused  a  10-15-fold  elevation 
in  p21(WAFl)  levels  in  MCF-7  cells  at  24  h  (Fig¬ 
ure  7(B)).  The  p21(WAFl)  response  to  chloroquine 
exceeded  that  of  the  potent  histone  deacetylase  in¬ 
hibitor,  TSA.  Quinidine  elevated  p21(WAFl)  levels 
4-5-fold,  approximately  the  same  as  TSA,  but  neither 
quinine  nor  quinoline  raised  p21(WAFl)  protein. 

Moreover,  p21(WAFl)  protein  expression  in  re¬ 
sponse  to  quinidine  (90  uM)  was  different  in  wild 
type  p53  and  mutant  p53  human  breast  cancer  cells. 
Quinidine  treatment  increased  p21(WAFl)  protein  in 
MCF-7  and  MCF^ras  cells  (wild  type  p53)  (Fig¬ 
ure  8),  but  p21(WAFl)  protein  was  not  detectable 
in  malignant  MDA-MB-231  and  T47D  cells  (mutant 
p53)  using  western  blot  analysis.  We  previously  re¬ 
ported  that  quinidine  (90  uM)  induced  cellular  dif¬ 
ferentiation  in  all  of  these  lines  of  breast  cancer 
cells  [4]. 

DNA  binding  by  antimalarials 

Chloroquine  intercalates  into  DNA  [9,  17,  18],  but 
DNA  intercalation  is  not  required  for  antimalarial 
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Figure  5 .  Nucleosome  release  apoptosis  assay.  MCF-7  cells  (4000  cells/well)  were  grown  in  96  well  plates  in  the  presence  of  increasing 
concentrations  of  antimalarials  for  72  h.  Nuclesome  release  was  measured  using  the  histone-DNA  cell  death  detection  kit  as  described  in 
‘Materials  and  methods.’  The  level  of  nucleosomes  released  in  each  sample  is  indicated  by  the  absorbance  at  405  nm.  Data  are  the  mean  ±  SE 
of  three  independent  experiments  performed  in  triplicate.  Statistically  significant  differences  between  control  and  drug  treatment  groups  at 
specific  drug  concentrations  are  indicated  (*,  p  <  0.05).  Note  the  change  in  scale  of  the  x-axis  in  Panel  D. 
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Figure  6.  Western  blot  analysis  of  p21(WAFl)  and  p53  protein 
expression  in  human  breast  cancer  cells.  MCF-7  cells  (1  x  106) 
were  grown  in  100  mm2  dishes  and  treated  with  MTS  IC50  of  an¬ 
timalarials  for  24  h.  Protein  aliquots  (50|ig)  from  the  cell  lysates 
were  separated  by  12%  SDS -polyacrylamide  gel  electrophoresis  and 
analyzed  by  western  blotting  using  (A)  mouse  monoclonal  anti¬ 
body  for  p53.  Data  shown  represent  three  independent  experiments 
that  showed  the  same  results  (B)  mouse  monoclonal  antibody  for 
p21(WAFl)  (single  experiment). 


activity.  We  hypothesize  that  DNA  intercalation  is 
responsible  for  chloroquine-induced  apoptosis,  and 
that  p53  induction  by  chloroquine  is  a  consequence 
of  DNA  damage  arising  from  intercalation.  Our  hy¬ 
pothesis  predicts  that  chloroquine  and  quinidine  but 


not  quinoline  and  quinine  intercalate  into  DNA.  The 
binding  of  chloroquine,  quinidine,  and  quinine  to 
DNA  was  measured  in  an  in  vitro  cell-free  assay.  The 
fluorescence  signal  from  2|xg  of  free  chloroquine, 
quinidine,  and  quinine  dissolved  in  10  mM  Tris-1  raM 
EDTA,  pH  8  was  equivalent.  The  addition  of  lambda 
DNA  to  solutions  of  chloroquine  and  quinidine,  but 
not  quinine,  caused  a  statistically  significant  fluores¬ 
cence  quenching  (Figure  9).  The  average  fluorescence 
quench  ratio  for  chloroquine  in  four  independent  ex¬ 
periments  was  2.9  while  that  for  quinidine  was  1.8. 
Quinine  exhibited  a  fluorescence  quench  ratio  of  1.1 
which  was  not  statistically  significant.  The  results  im¬ 
ply  stereo-selective  DNA  binding  by  quinidine,  and 
are  consistent  with  the  pattern  of  quinidine  activa¬ 
tion  of  nucleosome  release,  p53  and  elevations  in 
p21(WAFl)  protein  levels.  This  is  the  first  report  of 
quinidine  binding  to  DNA.  Using  an  assay  that  meas¬ 
ured  changes  in  plasmid  superhelical  density,  quinine 
was  reported  to  intercalate  into  DNA,  however  this 
binding  is  relatively  weak  compared  to  chloroquine 
[18]. 
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Figure  7.  Effect  of  antimalarials  on  p21(WAFl)  protein  expres¬ 
sion  in  MCF-7  human  breast  cancer  cells.  (A)  p21(WAFl) 
ELISA.  MCF-7  cells  (1  x  106)  were  plated  in  100  mm2  dishes 
in  DMEM/5%  FBS,  treated  with  solvent  (distil led-h^O  or  0.01% 
DMSO)  or  MTS  IC50  of  each  antimalarial  for  24  h,  and  cell  lysates 
prepared.  TSA  was  dissolved  in  DMSO;  antimalarials  were  dis¬ 
solved  in  distilled  H2O.  Proteins  (50  |xg)  from  the  cell  lysates  were 
assayed  using  p21(WAFl)  ELISA  kit  as  detailed  in  ‘Materials  and 
methods’  using  a  20  min  incubation  time.  Data  are  the  mean  ±SE 
of  two  independent  experiments.  (B)  Comparison  of  p21(WAFl) 
protein  changes  detected  in  ELISA  (E)  and  western  blot  analysis 
(W).  W  represents  the  fold  increase  in  the  signal  density  determined 
by  densitometry;  E  represents  the  fold  increase  in  absorbance  in  the 
ELISA.  Fold  increase  is  equal  to  drug  treatment  group  divided  by 
the  control. 


c? 


5V° 


'T 


C  QD  C  QD  C  QD  C  QD 

—  p21(WAF1) 


Figure  8.  Effect  of  antimalarials  on  p21(WAFl)  protein  expression 
in  human  breast  cancer  cells.  MCF-7,  MDA-MB-231,  T47D  and 
MCF-7ras  cells  (1  x  106)  were  exposed  to  quinidine  (90  |xM)  for 
24  h.  Protein  aliquots  (50  |xg)  from  the  cell  lysates  were  separated 
by  12%  SDS-polyacrylamide  gel  electrophoresis  and  analyzed  by 
western  blotting  using  mouse  monoclonal  antibody  for  p21(WAFl) 
(single  experiment). 


Figure  9.  Fluorescence  quench  assay  for  DNA  binding  activity. 
Changes  in  antimalarial  fluorescence  upon  DNA  binding  were 
measured  using  an  excitation  wavelength  of  360  nm  and  an  emis¬ 
sion  wavelength  of  460  nm.  Data  were  expressed  as  the  fluorescence 
quench  ratio  defined  as  the  average  fluorescence  of  drug  alone 
(Eml)  divided  by  that  of  drug  in  the  presence  of  DNA  (Em2). 
Data  represented  the  mean  ±  SE  of  three  independent  experiments. 
Statistically  significant  differences  between  control  and  treatment 
groups  are  indicated  (*,  p  <  0.01;  **,  p  <  0.001). 


Discussion 

In  an  effort  to  develop  new  anti-cancer  therapeutic 
agents,  we  explored  the  anti-tumor  potential  of 
quinoline  antimalarials  using  MCF-7  human  breast 
cancer  cells  as  our  model  system.  The  results  of  our 
experiments  show  antimalarial  compounds  inhibited 
cell  growth  in  vitro ,  and  two  mechanisms  for  growth 
inhibition  were  identified:  (1)  promotion  of  cell  cycle 
exit  and  cell  differentiation  and  (2)  activation  of  p53- 
dependent  apoptosis. 

Chloroquine  was  the  most  active  apoptosis- 
inducing  agent.  DNA  damage  is  a  well-established 
apoptotic  trigger  that  engages  p53  protein  as  well 
as  downstream  targets  of  p53  including  p21(WAFl) 
[19,  20].  Because  chloroquine  intercalates  into  DNA 
[21],  and  stimulates  both  p53  and  p21  (WAF1)  pro¬ 
tein  expression  in  MCF-7  cells  we  hypothesize  that 
DNA  damage  is  involved  in  the  apoptotic  response 
to  chloroquine.  The  specific  mechanism  by  which 
chloroquine  might  create  DNA  damage  is  unclear. 
Chloroquine  is  an  unusual  DNA  intercalator  because  it 
has  a  two  membered  planar  ring  structure  (Figure  1); 
in  contrast,  typical  DNA  intercalators  have  three  or 
more  fused  planar  rings  [9,  21].  In  addition,  the  ter¬ 
tiary  aminoalkyl  side-chain  of  chloroquine  is  modeled 
to  occupy  the  minor  groove  of  DNA,  and  this  could 
have  consequences  for  many  DNA  binding  proteins 
and  enzymes  [21,  22].  Chloroquine  has  been  report¬ 
ed  to  inhibit  mammalian  topoisomerase  I  and  II  [23, 
24].  Inhibition  of  topoisomerase  II  activity  is  a  clas- 
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sic  response  to  DNA  intercalating  agents  [25,  26]  and 
topoisomerase  inhibition  is  a  potential  mechanism  of 
action  of  chloroquine  in  MCF-7  cells.  Alternatively, 
the  10-15-fold  increase  in  p21(WAFl)  protein  elicited 
in  MCF-7  cells  by  chloroquine  might  be  sufficient  to 
activate  apoptosis  in  the  absence  of  DNA  damage. 
Sheikh  et  al.,  showed  that  plasmid  driven  p21(WAFl) 
over  expression  in  human  breast  tumor  cell  lines  stim¬ 
ulated  apoptosis  [27].  In  either  this  model  or  the 
DNA  damage  model,  induction  of  p21(WAFl)  protein 
emerges  as  a  marker  that  can  be  used  to  screen  com¬ 
pounds  for  apoptotic  activity  in  human  breast  tumor 
cell  lines. 

Quinidine  also  increased  p53  and  p21  (WAF1)  pro¬ 
tein  levels  and  stimulated  apoptosis  in  MCF-7  cells, 
but  was  less  active  than  chloroquine.  An  interest¬ 
ing  feature  of  the  apoptotic  response  of  MCF-7  cells 
to  quinidine,  was  the  stereoselectivity.  Quinine,  a 
stereoisomer  of  quinidine,  did  not  increase  p53  or 
p21(WAFl)  protein  levels  and  did  not  trigger  apop¬ 
totic  cell  death.  Quinine  was  also  less  effective  than 
either  quinidine  or  chloroquine  in  binding  DNA.  The 
stereoisomers,  quinine,  and  quinidine  should  prove 
very  valuable  in  elucidating  the  mechanisms  for  ap¬ 
optosis  by  quinoline  drugs. 

The  MCF-7  response  to  quinine  demonstrated  that 
apoptotic  cell  death  was  not  obligatory  for  cell  growth 
arrest  by  antimalarial  agents.  Chloroquine,  quinidine, 
and  quinine  all  increased  the  percentage  of  GO  MCF- 
7  cells.  Cell  transition  into  the  quiescent  GO  phase  is 
prerequisite  for  differentiation.  Using  lipid  droplet  ac¬ 
cumulation  measured  by  ORO  staining  and  induction 
of  the  MFGM  as  markers  of  mammary  cell  differenti¬ 
ation,  all  three  quinoline  antimalarials  were  observed 
to  induce  differentiation  in  MCF-7  cells.  Cell  differ¬ 
entiation  therapies  such  as  FR901228,  SAHA,  and 
pyroxamide  have  recently  entered  into  clinical  trials 
and  are  an  active  area  of  cancer  research  [28,  29]. 
We  propose  on  the  basis  of  the  data  presented  that 
quinoline  antimalarial  drugs  be  considered  prototype 
compounds  for  the  development  of  novel  agents  to 
stimulate  breast  tumor  cell  differentiation.  Induction 
of  differentiation  by  quinine  was  dissociated  from  both 
p21(WAFl)  and  apoptosis,  and  we  conclude  that  dif¬ 
ferentiation  is  a  distinct  mechanism  for  inhibition  of 
cell  growth  by  antimalarials.  Based  on  the  differen¬ 
tial  response  of  MCF-7  cells  to  quinine  and  quinidine, 
we  believe  that  a  screening  system  based  upon  Ki67 
expression  is  preferable  to  p21(WAFl)  for  identifica¬ 
tion  of  compounds  that  promote  breast  tumor  cell 
differentiation. 


Previous  studies  in  our  laboratory  demonstrated 
that  differentiation  of  MCF-7  cells  by  quinidine  was 
associated  with  histone  H4  hyperacetylation  [4],  Elu¬ 
cidation  of  the  regulation  of  histone  acetylation  state 
by  antimalarials  is  expected  to  provide  important  in¬ 
sight  into  how  quinoline  antimalarials  regulate  breast 
tumor  cell  differentiation. 
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Quinidine  regulates  growth  and  differentiation  in  human 
breast  tumor  cells,  but  the  immortalized  mammary  epithe¬ 
lial  MCF-I0A  cell  line  is  insensitive  to  quinidine.  We  found 
that  a  morphologically  similar  differentiation  response  was 
evoked  by  quinidine  and  c -myc  antisense  oligonucleotides  in 
MCF-7  cells  and  this  prompted  us  to  investigate  the  actions 
of  quinidine  on  c-myc  gene  expression.  Myc  protein  levels 
were  suppressed  in  human  breast  tumor  cell  lines,  but  not  in 
MCF-I0A  cells,  an  observation  that  supports  the  hypothesis 
that  suppression  of  c-myc  gene  expression  is  involved  in  the 
preferential  growth  and  differentiation  response  of  breast 
tumor  cells  to  quinidine.  Quinidine  reduced  c-myc  mRNA 
levels  in  MCF-7  cells.  Acute  induction  of  c-myc  mRNA  by 
estradiol,  as  well  as  the  c-myc  response  to  sub-cultivation  in 
fresh  serum  and  H-ros  driven  elevations  in  c-myc  mRNA  were 
depressed  by  50-60%  in  the  presence  of  quinidine.  Quinidine 
decreased  c-myc  promoter  activity  in  MCF-7  cells  in  a  tran¬ 
sient  reporter  gene  assay  and  a  1 68  bp  region  of  human  c-myc 
promoter  (-100  to  +68  with  respect  to  the  PI  promoter) 
was  sufficient  to  confer  responsiveness  to  quinidine.  Quini¬ 
dine  is  a  potential  lead  compound  for  developing  pharmaco¬ 
logical  agents  to  regulate  Myc.  In  addition,  the  study  of  quin- 
idine-regulated  events  is  a  promising  approach  to  unravel 
differentiation  control  pathways  that  become  disrupted  in 
breast  cancer. 

©  2002  Wiley-Liss,  Inc. 

Key  words:  breast  cancer ;  c-myc;  differentiation;  E2F;  MCE -10 A; 
MCF-7;  Rb;  quinidine 

Our  study  investigates  the  actions  of  quinidine  on  Myc  expres¬ 
sion  in  breast  epithelial  cells.  Quinidine,  a  natural  alkaloid,  was 
first  used  therapeutically  as  an  anti-malarial  and  only  later,  its 
effectiveness  in  the  suppression  of  cardiac  arrhythmia  was  discov¬ 
ered.  The  response  of  cardiac  muscle  to  quinidine  is  caused  by  the 
blockade  of  sodium  and  potassium  ion  channels  however,  the  basis 
for  quinidine  action  on  the  malarial  parasite  is  unknown.1  The 
anti-proliferative  activity  of  quinidine  in  human  breast  cancer  cells 
in  vitro  was  first  established  in  our  laboratory.  MCF-7,  MCF-7ra.s, 
MDA-MB-231,  MDA-MB-435  and  T47D  human  breast  cancer 
cell  lines  were  growth  arrested  and  exhibited  a  differentiation 
response  to  quinidine.2  A  number  of  approaches  have  been  taken 
to  elucidate  the  mechanism  of  action  of  quinidine  in  human  breast 
epithelium.2-4  Disruption  of  potassium  ion  permeability  as  a  result 
of  blockade  of  the  plasma  membrane  ATP-sensitive  potassium 
channels  (KATP)  is  hypothesized  to  control  cell  cycle  progression 
in  MCF-7  cells  by  preventing  cell  transit  from  G1  into  S-phase.4*5 
Within  12-24  hr,  the  profile  of  G1  regulatory  proteins  in  MCF-7 
cells  was  typical  of  a  Gl-arrested  condition.  The  protein,  p21/ 
WAF1,  an  inhibitor  of  cyclin-dependent  kinases  4  and  6  was 
increased.  Total  retinoblastoma  protein,  Rb  was  suppressed  and 
the  hypophosphorylated  Rb  form  was  prominent.  After  several 
days  in  quinidine,  cells  exhibited  evidence  of  cellular  differentia¬ 
tion.  The  current  studies  address  the  changes  in  c-myc  gene  ex¬ 
pression  that  accompany  the  anti-proliferative  actions  of  quinidine 
in  human  breast  epithelial  cells.  Downregulation  of  c-myc  occurred 
in  MCF-7  tumor  cells  but  not  in  the  immortalized  breast  epithelial 
cell  line,  MCF-10A.  We  used  quinidine  as  a  chemical  probe  to 
explore  the  pathways  involved  in  the  differential  regulation  of  Myc 
in  these  2  cell  lines. 

C-myc  is  a  protooncogene  whose  gene  product  has  a  regulatory 
role  in  cell  cycle  progression,  cell  differentiation  and  apoptosis.6’7 
Aberrant  expression  of  c-myc  is  very  common  in  breast  cancers,8 


suggesting  its  importance  in  the  genesis  or  progression  of  breast 
cancer.  It  has  been  demonstrated  that  c-myc  expression  is  critical 
for  the  growth  of  both  ER-positive  and  ER-negative  breast  cancer 
cells  in  vitro  as  well  as  for  tumor  growth  in  vivo.9  C-myc  mRNA 
induction  occurs  within  20  min  after  addition  of  estradiol  to 
quiescent  MCF-7  human  breast  cancer  cells.10  In  the  complex  with 
its  dimerization  partner,  Max,  Myc  then  act  as  a  transcription 
factor  to  activate/suppress  the  expression  of  its  target  genes  in¬ 
volved  in  the  regulation  of  cell  cycle  progression  and  proliferation. 
Some  of  the  c-myc  target  genes  include  cdc25A,  pl5Ink4b , 
p!9ARF ,  gadd  45,  ode ,  cad,  p53,  cyclin  D1  and  E2F .1U2  Revers¬ 
ible  control  of  mammary  epithelial  cell  proliferation  is  possible  by 
the  turn-on  and  turn-off  of  Myc  protein  production  using  a  tetra¬ 
cycline-inducible  Myc  expression  system.13  Studies  in  different 
cell  lines  have  shown  that  downregulation  of  c-myc  by  antisense 
oligonucleotides  or  expression  of  dominant  negative  c-myc  gene 
accompanies  terminal  differentiation  and  permanent  withdrawal 
from  the  cell  cycle.14”18  Collectively,  these  studies  suggest  that 
Myc  is  an  appropriate  pharmacologic  target  for  breast  cancer 
intervention. 


MATERIAL  AND  METHODS 

Tissue  culture 

MCF-7  cells  passage  40-50,  MCF-7ras,19  MDA-MB-231  and 
MDA-MB-435  cells  were  maintained  in  DMEM  (BioWhittaker, 
Walkersville,  MD)  supplemented  with  10%  heat-inactivated  FBS 
(Hy Clone,  Logan,  UT),  2  mM  glutamine  and  40  p.g/ml  gentami¬ 
cin.  MDA-MB-468  (ATCC)  cells  were  grown  in  50:50  DMEM/ 
F-12  medium  (Invitrogen,  Carlsbad,  CA).  Phenol-red  free  (PRF) 
DMEM  was  obtained  from  BioWhittaker  (Walkersville,  MD). 
Most  experiments  were  carried  out  in  DMEM  supplemented  with 
5%  FBS.  To  study  the  effects  of  quinidine  on  estradiol  induction 
of  c-myc,  cells  were  subcultivated  into  PRF-DMEM  containing  2% 
charcoal-stripped  FBS  and  subjected  to  several  exchanges  of  the 
media  to  strip  cells  of  endogenous  estrogens.20’21  Normal  human 
mammary  epithelial  cells,  HMEC,  (Clonetics,  San  Diego,  CA)  and 
MCF-10A  (ATCC)  were  grown  in  MEGM  according  to  the  direc¬ 
tions  from  suppliers.  HMEC  were  grown  from  frozen  stocks  and 


Abbreviations:  ER,  estrogen  receptor;  HBSS,  Hank’s  Balanced  Salt 
Solution;  HMEC,  human  mammary  epithelial  cells;  KATP,  ATP-sensitive 
potassium  channel;  MAPK,  mitogen  activated  protein  kinase;  MEGM, 
mammary  epithelium  growth  medium;  PRF,  phenol  red-free;  Q,  quinidine; 
Rb,  retinoblastoma  protein;  TBS,  Tds-buffered  saline;  TGFpl,  transform¬ 
ing  growth  factor  beta-1. 
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used  for  1-3  passages  only.  The  cells  were  maintained  at  37 °C  in 
a  humidified  atmosphere  of  94%  air,  6%  C02.  Cells  were  passaged 
every  5-6  days  (about  70-80%  confluent)  at  ratios  of  1:5  (MCF-7, 
MDA-MB-468)  or  1:10  (MCP-lras,  MDA-MB-231,  MDA-MB- 
435  and  MCF-10A).  All  cell  counts  were  carried  out  using  a 
hemocytometer  and  0.02%  Trypan  blue  to  assess  cell  viability. 

Chemicals 

Quinidine-HCl  (Q)  was  purchased  from  Sigma  Chemical  Co. 
(St.  Louis,  MO).  Concentrated  stock  solutions  (10  mM)  were 
prepared  fresh  for  use  by  dissolving  in  sterile  water.  Estradiol- 17(3 
(Steraloids,  Wilton,  NH)  was  dissolved  in  95%  ethanol  at  a  con¬ 
centration  of  2  mM  and  diluted  1:106  in  the  medium  to  a  final 
concentration  of  2  nM.  Transforming  growth  factor-beta  (TGF(31, 
T)  (R&D  Systems,  Minneapolis,  MN)  stock  solution  (2.5  p,g/ml) 
was  prepared  in  4  mM  HC1,  1  mg/ml  BSA  and  stored  at  -20°C. 

Plasmids 

The  human  c-myc  probe  used  for  Northern  blots  was  a  9  kb 
EcoRl-Hind  III  genomic  fragment  spanning  exons  I  and  II  and 
intron  I  isolated  from  the  plasmid  pHSR-1  obtained  from  the 
American  Type  Culture  Collection.22  The  reporter  plasmids  con¬ 
taining  different  regions  of  the  human  c-myc  promoter  (Del-1, 
Del-2,  Del-4,  Frag-E)  linked  to  the  firefly  luciferase  gene  were 
kindly  provided  by  Dr.  Bert  Vogelstein  (Johns  Hopkins  Uni¬ 
versity)  23  The  promoterless  luciferase  plasmid  was  constructed 
by  deleting  the  c-myc  promoter  region  from  the  Del-4  plasmid 
using  Pvu  II  restriction  enzyme.  The  human  cyclin  D1 -luciferase 
plasmid  (1745CD1-Luc)  was  kindly  provided  by  Dr.  Richard 
Pestell  (The  Albert  Einstein  College  of  Medicine,  Bronx,  NY).24 
The  E2F-TA-Luc  plasmid  and  control  plasmid,  TA-Luc,  were 
purchased  from  Clontech  Laboratories,  Inc.  (Palo  Alto,  CA). 

Oligonucleotide  transfections 

C-Myc  antisense  (5'-AACGTTGAGGGGCAT-3')  and  sense 
oligonucleotides  (5 '  - ATGCCCCTCAACGTT-3 ' )  were  purchased 
from  Sigma-Genosys  (Woodlands,  TX)  and  diluted  in  sterile  water 
to  yield  concentrated  stock  solutions  of  175  jjiM.  The  stock  solu¬ 
tions  were  stored  at  -20°C  for  2  months.  Cells  were  plated  at  the 
density  of  2.2  X  105/35  mm2  dish  on  glass  cover  slips  in 
DMEM/5%  FBS.  Cells  were  allowed  to  attach  to  the  cover  slips 
and  then  the  medium  was  exchanged  to  DMEM/2%  FBS  ±  9  |xM 
c-myc  antisense  oligonucleotides  or  9  pM  of  c-myc  sense  oligo¬ 
nucleotides  as  the  negative  control. 

Antibodies 

Myc  (9E10,  sc-40),  (3-catenin  (E-5,  sc-7963),  Spl  (PEP2),  Sp3 
(D-20)  and  E2F-1  (KH  95),  antibodies  (Santa  Cruz  Biotechnology, 
Santa  Cruz,  CA)  were  used  at  a  dilution  as  recommended  by  the 
supplier.  Another  E2F-1  antibody  (KH  20  +  KH  95)  directed 
against  2  regions  of  the  Rb  binding  pocket  was  purchased  from 
Upstate  Biotechnology  (Lake  Placid,  NY).  Rb  (clone  G3-245) 
antibody  that  recognizes  phosphorylated  and  non-phosphorylated 
forms  was  purchased  from  Pharmingen  (San  Diego,  CA)  and  a 
phospho  Rb-specific  antibody  (Serg07/811)  was  purchased  from 
Cell  Signaling  Technology  (Beverly,  MA).  Peroxidase-conjugated 
secondary  antibodies  were  used  and  signals  were  visualized  using 
Super  Signal  (Pierce,  Rockford,  IL)  or  LumiGlo  (Cell  Signaling 
Technology). 

Oil-red  O  assay 

Cells  were  plated  in  35  mm2  tissue  culture  dishes  on  sterile  glass 
cover  slips  in  DMEM/5%  FBS  ±  quinidine.  After  treatment,  the 
cells  were  fixed  (10%  formaldehyde  and  0.2%  calcium  acetate  in 
PBS)  for  3  min  and  stained  with  fresh  Oil-Red  O  working  solution 
(Oil-Red  O  stock  solution  [0.5%  Oil-Red  O  in  98%  isopropanol] 
diluted  in  distilled  water  in  a  3:2  ratio)  for  10  min.  Cells  were 
rinsed  in  water  and  counterstained  with  Mayer’s  hematoxylin  to 
visualize  the  cell  nuclei.  The  images  were  obtained  using  an 
Ortholux  microscope  (Ernst  Leitz  Wetzlar,  Germany)  (40  X  objec¬ 


tive)  and  the  data  quantified  using  Image-Pro  Plus  software  (Media 
Cybernetics,  Silver  Spring,  MD). 

Cell  cycle  analysis 

Cell  cycle  analysis  was  carried  out  after  propidium  iodide  stain¬ 
ing25  using  a  FACScan  (Becton  Dickinson,  San  Jose,  CA)  and 
CellFIT  software. 

Western  blots 

Cells  were  rinsed  with  lx  PBS  (phosphate  buffered  saline:  137 
mM  NaCl,  2.7  mM  KC1,  4.3  mM  Na2HP04  X  7H20,  1.4  mM 
KH2P04,  pH  7.3)  and  harvested  by  scraping  in  boiling  lysis  buffer 
(1%  SDS,  10  mM  Tris,  pH  7.4).  After  boiling  for  5  min,  the  cell 
extract  was  the  supernatant  obtained  after  centrifugation  in  an 
Eppendorf  microfuge  (14,000g,  5  min,  4°C).  Twenty  microliter 
aliquots  were  removed  for  determination  of  protein  concentrations 
(BCA  assay,  Pierce  Company).  To  the  remaining  extracts,  1  mM 
DTT  and  protease  inhibitors  were  added  to  the  final  concentrations 
indicated:  PMSF  (phenylmethylsulfonyl  fluoride,  0.1  mM),  apro- 
tinin  (1  |Jig/ml)  and  leupeptin  (1  pg/ml).  Cell  extract  proteins  were 
diluted  in  sample  buffer  and  denatured  by  heating  at  100°C  for  3 
min  immediately  before  loading  onto  10%  polyacrylamide  gels. 
Proteins  were  separated  and  transferred  to  PVDF  (polyvinylidene 
difluoride)  membranes  (Invitrogen,  Bethesda,  MD).  Autoradio¬ 
graphic  signals  were  quantified  by  densitometry  (Personal  Densi¬ 
tometer  SI,  Molecular  Dynamics,  Sunnyvale,  CA)  and  Image 
QuaNT  software,  version  4.1.  Myc  signals  were  normalized  to  the 
97  kDa  p-catenin  protein  signals. 

Northern  blots 

Total  cellular  RNA  was  purified  by  the  method  of  Chomczynski 
and  Sacchi.26  Fifteen  pg  of  RNA  for  each  sample  were  separated 
on  1.2%  agarose- 1.9  %  formaldehyde  gels  in  MOPS  running 
buffer  (20  mM  MOPS,  5  mM  sodium  acetate,  0.5  mM  EDTA,  pH 
8.0)  and  transferred  to  0.2  |mm  nitrocellulose  paper  (Schleicher  and 
Schuell,  Keene,  NH)  by  capillary  action.  Pre-hybridization  (15-20 
hr)  and  hybridization  reactions  (40-42  hr)  were  carried  out  in  the 
micro-hybridization  oven  (Bellco  Glass  Inc.,  Vineland,  NJ)  at 
42°C  for  15-20  hr.  Hybridization  solution  included  1.5-2  X  106 
cpm/ml  of  denatured  c-myc  DNA  fragment  labeled  with  [aP32]dCTP 
by  random  priming  (Rediprime  DNA  labeling  kit,  Amersham 
Corp.,  Arlington  Heights,  IL).  The  blots  were  washed  in  2X  SSC 
(standard  saline  citrate)-0.1%  SDS  twice  for  20  min  each  at  37°C. 
A  high  stringency  wash  of  the  c-myc  probe  was  carried  out  for  15 
min  at  42°C  in  0.1  X  SSC-0.1%  SDS  buffer.  The  hybridization 
signals  were  quantified  using  PSI-PC  (Molecular  Dynamics)  and 
ImageQuant  software,  version  4.1.  Hybridization  signals  were 
normalized  to  levels  of  18S  or  28S  RNA  in  the  ethidium  bromide 
stained  gels. 

Reporter  gene  assay 

Confluent  MCF-7  cells  were  re-seeded  at  a  density  of  8  X 
105/60  mm2  dish  in  5  ml  DMEM/5%  FBS.  After  20-24  hr,  when 
cells  were  40-50%  confluent,  the  cell  monolayers  were  rinsed  with 
IX  HBSS  buffer  (5.4  mM  KC1,  108  mM  NaCl,  0.34  mM 
Na2HP04  X  7H20,  4.2  mM  NaHC03,  0.44  mM  KH2P04,  pH  7.2) 
and  5  ml  of  DMEM/2%  FBS  were  added.  One  hour  later,  trans¬ 
fection  mixes  containing  5  pg  of  plasmid  DNA  in  DOTAP  trans¬ 
fection  reagent  (Roche  Molecular  Biochemicals)  were  added  to  the 
cells.  Transfections  were  terminated  6-7  hr  later  by  exchanging 
the  medium  with  fresh  medium  ±  quinidine.  Cells  were  harvested 
24  hr  later  by  scraping  into  ice-cold  lysis  buffer  (25  mM  Tris- 
phosphate,  pH  7.8, 1%  Triton  X-100, 2  mM  EDTA,  10%  glycerol). 
Supernatants  from  the  cell  lysates  were  obtained  by  centrifugation 
in  an  Eppendorf  microfuge  (14,000g,  5  min,  4°C).  Aliquots  (20  pi) 
were  removed  for  protein  determinations  using  the  BCA  assay.  To 
measure  luciferase  activity,  50  jjlI  of  cell  extracts  were  added  to 
250  (xl  of  ice-cold  luciferase  sample  buffer  (25  mM  glycylglycyl, 
pH  7.8, 15  mM  MgS04)  in  polypropylene  tubes.  The  samples  were 
warmed  to  25  °C.  Luciferase  activity  was  measured  using  an  Auto 
Luminat  (LB  953,  EG  and  G-Bertholdt)  equipped  with  a  dual 
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injection  system  for  the  addition  of  ATP  and  luciferin.  The  relative 
luciferase  units  obtained  from  50  pJ  of  cell  extracts  were  normalized 
to  200  jxg  of  cellular  proteins.  Light  generation  from  purified  lucif¬ 
erase  (Sigma)  was  used  as  the  standard  in  each  experiment  to  ensure 
that  all  determinations  were  carried  out  under  linear  assay  conditions. 

Statistics 

SigmaPlot  software  (SPSS  Inc.,  Chicago,  IL),  version  5.0  and 
JMP  software  (SAS  Institute,  Inc.,  Cary,  NC)  were  used  for 
statistical  analysis.  One-way  ANOVA  followed  by  the  Dunnett’s 
test  for  comparison  of  multiple  groups  with  control  or  the  Tukey- 
Kramer  test  for  comparison  between  the  different  groups  was  used. 
A  significance  level  of  0.05  was  used. 


'  RESULTS 

Cellular  differentiation  of  MCF-7  cells  in  response  to  C-myc 
antisense  oligonucleotides  and  quinidine 

Lipid  droplets  are  found  in  the  cytoplasm  of  normal  mammary 
epithelium  and  induction  of  differentiation  in  human  breast  cancer 
cell  lines  by  retinoic  acid,27*28  vitamin  D  analog,  1-a-hydroxy- 
vitamin  D529  and  oncostatin  M  30  is  marked  by  the  accumulation 
of  cytoplasmic  lipid  droplets.  Quinidine  (90  jxM)  promoted  the 
appearance  of  a  more  differentiated  phenotype  in  MCF-7  cells 
characterized  by  an  enlarged  cytoplasm,  rearrangement  of  the 


cytokeratin  18  cytoskeleton  and  the  accumulation  of  cytoplasmic 
lipid  droplets.2  Figure  1  summarizes  a  series  of  experiments  in 
which  differentiation  in  human  mammary  cells  in  vitro  in  response 
to  either  quinidine  (90  pM)  or  c-myc  antisense  or  sense  oligonu¬ 
cleotides  was  evaluated  by  Oil  Red  O  staining  of  cytoplasmic  lipid 
droplets.  Only  normal  human  mammary  epithelial  cells  (HMEC) 
showed  cytoplasmic  lipid  droplets  in  control,  untreated  cultures. 
HMEC  exposed  to  quinidine  (90  p,M)  for  72  hr  showed  no  in¬ 
crease  in  lipid  droplet  accumulation  and  no  signs  of  cytotoxicity. 
The  latter  observation  was  consistent  with  an  earlier  report  that 
indicated  quinidine  did  not  inhibit  HMEC  proliferation.2  HMEC, 
however,  barely  proliferate.  In  a  10-day  growth  experiment,  the 
HMEC  doubled  over  a  period  of  —120  hr  and  then  remained  at  a 
stable  cell  number  for  another  5  days  (in  the  presence  or  absence 
of  90  |xM  quinidine).  MCF-10A  cells  are  immortalized  human 
mammary  epithelial  cells  that  do  not  form  tumors  in  animals.31 
MCF-10A  cells,  however,  proliferate  more  rapidly  in  culture  (dou¬ 
bling  time  37  hr)  than  the  early  passage  MCF-7  cells  used  in  these 
experiments  (doubling  time  57  hr).  MCF-10A  cells  provide  1  test 
for  discriminating  whether  quinidine  acts  upon  all  cells  with  a 
rapid  proliferation  rate,  or  whether  quinidine  differentially  affects 
tumorigenic  mammary  epithelial  cells.  Control  MCF-10A  cells  did 
not  accumulate  cytoplasmic  lipid  droplets  and  neither  quinidine 
treatment  or  c-myc  antisense  oligonucleotides  elicited  this  re¬ 
sponse  (data  not  shown).  In  contrast,  lipid  droplet  accumulation 


Figure  1  -  Cellular  differentiation  of  MCF-7  cells  in  response  to  c-myc  antisense  oligonucleotides  and  quinidine.  Oil  Red  O  staining  of 
MCF-7  cells  treated  with  nothing  (a,d),  90  uM  quinidine  for  72  (b)  or  120  (c)  hr,  c-myc  antisense  (e)  or  sense  (/)  oligonucleotides  for  96  hr.  Oil 
Red  O  staining  of  normal  human  mammary  epithelial  cells,  HMEC,  control  (g)  or  treated  with  90  uM  quinidine  (h)  for  72  hr.  Cells  were 
counterstained  with  hematoxylin  to  visualize  the  cell  nuclei  (blue  color). 
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and  cytoplasmic  enlargement  was  evident  in  MCF-7  cells  treated 
with  90  fxM  quinidine  for  72  hr  and  with  c -myc  antisense  for  96  hr. 
Control  (untreated)  MCF-7  cells  and  MCF-7  cells  exposed  to 
c -myc  sense  oligonucleotides  for  96  hr  did  not  accumulate  lipid 
droplets.  We  conclude  that  quinidine  and  c -myc  antisense  oligo¬ 
nucleotides  promote  a  more  differentiated  phenotype  in  MCF-7 
cells.  Quinidine  promoted  lipid  droplet  accumulation  in  MDA- 
MB-231,  MDA-MB-435,  MCF-7 ras  and  T47D  cells2  suggesting 
that  this  differentiation  response  is  common  among  human  mam¬ 
mary  tumor  cell  lines. 

Quinidine  suppresses  myc  induction  and  cell  growth  in  human 
breast  cancer  cells  in  vitro,  but  not  that  of  non-tumorigenic 
mammary  epithelial  cells 

Transient  induction  of  c-myc  mRNA  and  protein  occurs  20-30 
min  after  mitogenic  stimulation  of  quiescent  MCF-7  human  breast 
cancer  cells.10  We  tested  whether  quinidine  affected  Myc  protein 
induction  after  release  of  MCF-7  cells  from  confluency  into  me¬ 
dium  containing  fresh  serum.  MCF-7  cells  were  grown  in  tissue 
culture  flasks  until  90-95%  confluent  to  obtain  cell  populations 
that  were  85%  G0/G1  phase.4  These  confluent  cells  were  then 
subcultivated  into  the  medium  containing  fresh  serum  (5%)  plus 
90  |jlM  quinidine  or  H20  (vehicle).  Myc  protein  levels  were 
measured  at  the  times  indicated  (Fig.  2).  A  maximal  15-fold 
induction  of  Myc  protein  occurred  90  min  after  sub-cultivation. 
The  response  is  transient  and  Myc  protein  levels  returned  to 
baseline  by  3  hr.  Quinidine  suppressed  the  rise  in  Myc  protein, 
with  a  maximal  60%  inhibition  observed  at  60  min. 

Myc  is  a  target  for  ubiquitination  and  degradation  through  the 
proteasome  pathway.32  The  proteasome  inhibitor,  MG- 132  did  not 
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preserve  Myc  protein  levels  in  quinidine-treated  cells  (data  not 
shown)  suggesting  that  quinidine  does  not  inhibit  Myc  levels  by 
stimulating  Myc  degradation. 

Quinidine  also  suppressed  Myc  expression  that  was  stimulated 
in  response  to  sub-cultivation  in  other  breast  tumor  cell  lines  (Fig. 
3,  hatched  bars):  MCF-7ray  (by  82%),  MDA-MB-231  (by  66%), 
MDA-MB-435  (by  59%).  The  degree  of  suppression  of  Myc 
protein  levels  by  quinidine  correlated  well  with  the  extent  of 
inhibition  of  proliferation  in  each  of  these  cell  lines  (Fig.  3,  solid 
bars).  MCF-10A  is  a  rapidly  proliferating  but  non-tumorigenic 
mammary  epithelial  cell  line  that  expresses  high  Myc  protein 
levels.  In  contrast  to  the  tumor  cell  lines,  quinidine  had  no  effect 
on  Myc  protein  expression  or  proliferation  of  MCF-10A  cells  (Fig. 
3).  These  results  demonstrate  the  ability  of  quinidine  to  selectively 
inhibit  growth  and  Myc  protein  in  tumorigenic  breast  cells  but  not 
in  an  immortalized,  non-tumorigenic  breast  epithelial  line. 

Suppression  of  myc  protein  and  growth  arrest  by  quinidine  is 
not  mediated  through  TGF-pl  response  pathways 

Transforming  growth  factor  P-1  (TGF-pl)  regulates  epithelial 
cell  growth,  differentiation,  adhesion,  movement  and  death,  but 
most  mammary  tumor  cell  lines  are  resistant  to  the  growth  inhib¬ 
itory  effects  of  TGF-pi,  due  to  defects  or  deficiencies  in  TGF-pl 
receptors  or  the  TGF-pl  signaling  pathway.  C-myc  is  an  important 
target  of  TGF-pi.33>34  In  MCF-10A  cells,  TGF-pl  stimulates  the 
formation  of  an  inhibitory  complex  on  the  c-myc  promoter  and 
rapid  downregulation  of  c-myc  mRNA,  but  this  response  is  lost 
from  MCF-10A  cells  after  transformation  with  c-Ha-ra.v  and  c- 
erbB2  oncogenes  35  TGF-pl  resistant  MDA-MB-468  breast  tumor 
cells  lack  Smad4,  a  transcription  factor  and  an  essential  TGFpl 
signaling  molecule.35  In  MDA-MB-231  cells,  resistance  to  TGFp 
is  not  fully  understood,  however,  ectopic  expression  of  TGF-p 
type  III  receptor  suppressed  tumorigenicity  of  MDA-MB-231 
cells.36  In  contrast,  MCF-7  cells  have  a  partial  response  to  TGFp 
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Figure  2  -  Quinidine  suppresses  Myc  protein  induction  in  MCF-7 
cells.  Confluent  (Cf)  MCF-7  cells  were  subcultivated  at  0  time  in 
DMEM/5%  FBS  (solid  bars)  or  in  DMEM/5%  FBS  containing  90  pM 
quinidine  (hatched  bars).  Cells  were  harvested  for  Western  blot  anal¬ 
ysis  at  the  times  indicated.  Myc  protein  signals  were  quantified  by 
densitometry  and  normalized  to  the  p-catenin  signals.  Data  shown  in 
the  bar  graph  are  the  mean  Myc  protein  signals  ±  SD  of  n  =  3 
experiments  expressed  as  a  percent  of  maximal  stimulation  (at  1.5  hr). 
The  gel  scans  below  the  bar  graph  are  a  single  representative  experi¬ 
ment  carried  out  with  80  fig  of  cell  extract  protein/lane.  *Significantly 
different  from  control  (p  <  0.05). 
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Figure  3  -  Quinidine  suppresses  Myc  induction  and  cell  growth  in 
human  breast  cancer  cells  in  vitro ,  but  not  that  of  non-tumorigenic 
mammary  epithelial  cells.  For  the  cell  count  assay  (solid  bars)  con¬ 
fluent  cells  were  subcultivated  at  the  density  of  1  X  105/35  mm2  dish 
in  DMEM/5%  FBS  ±  90  fiM  quinidine  or  MEGM  (for  MCF-10A)  ± 
90  jiM  quinidine  and  counted  96  hr  later  using  a  hemocytometer.  For 
the  Western  blot  assay  (hatched  bars)  total  cellular  proteins  from 
control  or  90  |iM  quinidine  treated  cells  were  extracted  1  (MCF-7ras, 
MCF-7,  MCF10A)  or  2  (MDA-MB-231,  MDA-MB-435)  hr  after 
sub-cultivation  of  confluent  cells  into  DMEM/5%  FBS.  Myc  protein 
signals  were  quantified  by  densitometry  and  normalized  to  the  p-cate¬ 
nin  signals.  Data  are  the  mean  ±  SD  of  n  =  3  experiments.  *Signif- 
icantly  different  from  control  values  (p  <  0.05). 
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Figure  4  -  Suppression  of  Myc 
protein  and  growth  arrest  by  quin- 
idine  is  not  mediated  by  TGFpl  re¬ 
sponse  pathway,  (a)  Confluent  cells 
were  subcultivated  in  DMEM/5% 
FBS  at  the  density  of  1  X  105 
(MDA-MB-23 1 ,  MDA-MB-468, 
MCF-10A)  or  2  X  105  (MCF-7) 
per  35  mm2  tissue  culture  dish  in 
the  presence  of:  C-vehicle  (4  mM 
HC1,  1  mg/ml  BSA  —0.5  pl/ml  of 
medium),  Q-90  jxM  quinidine,  T-5 
ng/ml  TGFpl,  T+Q-90  jxM  quin¬ 
idine  +  5  ng/ml  TGFpl.  Cells 
were  harvested  72  or  96  (for 
MCF-7)  hours  later  and  counted 
using  a  hemocytometer.  The  bar 
graphs  show  cell  numbers  as 
mean  ±  SE  of  n  =  2  experiments 
(MCF-7,  MDA-MB-23 1,  MDA- 
lB-468).The  MCF-10A  data  are 
the  mean  ±  SD  of  triplicates  in  a 
single  experiment,  (b)  Confluent 
MCF-10A  cells  were  subcultivated 
in  MEGM  containing  C,  Q,  T  or 
T+Q  as  described  in  (a).  Total  cel¬ 
lular  proteins  were  extracted  24  hr 
later  and  analyzed  for  Myc  and 
(3-catenin  by  Western  blot. 


growth  inhibition  and  ectopic  TGFpRIII  restores  autocrine  TGF-(31 
activity  in  MCF-7  cells.37  Despite  these  distinct  defects  in  TGFpl 
signaling,  quinidine  inhibited  proliferation  in  all  breast  tumor  cell 
lines  tested,  implying  that  quinidine  acts  independently  of  TGF-pi 
pathways  (Fig.  4a).  Furthermore,  quinidine  had  no  effect  on  the 
growth  of  MCF-10A  cells  (Fig.  3)  in  which  the  TGF-pl  pathway  is 
intact.  This  result  is  important  because  it  argues  against  the  possibil¬ 
ities  that  quinidine  acts  either  to  restore  a  TGF-pi  response  network, 
or  to  compensate  for  TGF-pi  defects.  In  Figure  4,  the  effects  of 
quinidine  and  TGF-pl  on  proliferation  and  Myc  protein  levels  in  a 
single  experiment  is  summarized.  We  found  (Fig.  4a)  in  this  experi¬ 
ment  that  after  72  hr  in  quinidine  MCF-10A  cell  numbers  decreased 
slightly  (24%),  TGF-pl  alone  caused  a  54%  reduction  in  cell  numbers 
and  that  the  combination  quinidine  plus  TGFpi  appeared  to  have  an 
additive  effect,  reducing  overall  cell  numbers  by  71%.  Similar  reduc¬ 
tions  in  the  level  of  Myc  protein  in  MCF-10A  cells  by  quinidine 
(17%),  TGF-pi  (54%)  and  the  combination  (Q+T,  71%)  were  ob¬ 
served  (Fig.  4b).  The  data  support  the  hypothesis  that  quinidine  and 
TGF-pl  act  through  independent  mechanisms  to  reduce  c -myc  ex¬ 
pression  and  cell  proliferation. 

Quinidine  suppresses  acute  induction  of  C- myc  MRNA  and 
S-phase  progression  by  estradiol 

Acute  induction  of  c-myc  mRNA  transcription  in  MCF-7  cells 
exposed  to  estradiol  is  critical  to  progression  through  G1  phase  of 


the  cell  cycle  and  the  proliferative  response  to  estradiol.10  38  At  1 
hr,  quinidine  suppressed  estradiol-induced  c-myc  mRNA  levels  in 
MCF-7  cells  in  a  concentration  dependent  fashion.  Maximum 
inhibition  (60%)  of  c -myc  mRNA  was  achieved  with  90  pM 
quinidine  (Fig.  5a).  These  results  are  in  good  agreement  with  60% 
suppression  of  Myc  protein  at  1  hr  by  90  uM  quinidine  after  cell 
sub-cultivation  into  fresh  serum  (Fig.  2).  We  conclude  that  induc¬ 
ible  myc  gene  expression  is  suppressed  but  not  completely  inhib¬ 
ited  by  quinidine.  Despite  incomplete  suppression  of  Myc,  the 
actions  of  90  |xM  quinidine  were  sufficient  to  inhibit  estradiol 
stimulated  MCF-7  cell  cycle  progression  into  S-phase  (Fig.  5b). 
Confluent  cells  (80-85%  G0/G1)  were  subcultivated  into  PRF- 
DMEM  +  2%  stripped  FBS;  30  hr  after  plating,  only  11%  of  the 
control  cells  progressed  into  the  S- phase.  Estradiol  (2  nM)  stimu¬ 
lated  34%  of  the  cells  to  enter  into  S-phase  by  30  hr  and  this 
response  was  nearly  completely  blocked  in  the  presence  of  quin¬ 
idine  (14%  S-phase  cells). 

Quinidine  suppresses  basal  and  H-ms-driven  C-myc  MRNA  and 
protein  expression 

In  MCF-7  cells,  Myc  is  transiently  induced  during  the  G0-G1 
phase  transition  and  then  remains  at  a  constant  low  level  through¬ 
out  the  cell  cycle.7  To  ascertain  whether  quinidine  affected  basal 
c-myc  expression,  MCF-7  cells  were  incubated  for  24  hr  with  30  or 
90  pM  quinidine.  A  24-hr  treatment  with  30  pM  quinidine  re- 
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Figure  5  -  Quimdine  suppresses  acute  induction  of  c-myc  mRNA  and  S-phase  progression  by  estradiol,  (a)  Confluent  MCF-7  cells  were 
subcultivated  in  PRF-DMEM/2%  stopped  serum,  and  estrogen-depleted  for  40  hr.  Induction  of  c-myc  mRNA  by  2  nM  estradiol  ±  indicated 
concentrations  of  quimdine  was  measured  after  1  hr  by  isolating  total  cellular  RNA  and  Northern  blotting.  C-myc  mRNA  signals  were  normalized 
to  the  28S  nbosomal  signal  m  the  ethidium  bromide  stained  gel.  Data  shown  on  the  bar  graph  are  the  mean  ±  SD  of  n  =  3,  except  for  30  and 
.?  tllal  are  ^rom  a  single  experiment.  Values  for  E2  and  Q+E2  treated  groups  are  reported  relative  to  control  group  (control  = 

MCF-7  cells  were  treated  with  C-0.01%  ethanol  (vehicle),  Q-90  |xM  quinidine,  E2-2  nM  estradiol,  Q+E2-90  uM  quinidine  +  2  nM  E, 
Cell  cycle  phase  distribution  was  analyzed  by  flow  cytometry  30  hr  later.  Data  are  the  mean  ±  SD  of  n  =  4  experiments.  ^Significantly  different 
from  control  cells  (p  <  0.05).  "Significantly  different  from  E2  cells  (p  <  0.05). 
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Figure  6  -  Quinidine  suppresses 
basal  and  H-ras-driven  c-myc 
mRNA  and  protein  expression.  Con¬ 
fluent  MCF-7  (solid  bars)  and  MCF- 
Iras  (hatched  bars)  cells  were  sub¬ 
cultivated  into  DMEM/5%  FBS  ± 
indicated  concentrations  of  quini¬ 
dine.  Cells  were  harvested  24  hr 
later  and  Myc  protein  (a)  or  mRNA 
(b)  levels  were  analyzed  by  Western 
or  Northern  blots,  respectively.  Myc 
protein  and  mRNA  signals  were 
normalized  to  the  p-catenin  and  18S 
ribosomal  RNA  signals,  respec¬ 
tively.  Data  shown  on  the  bar  graphs 
are  the  mean  ±  SD  of  n  =  4 
(MCF-7)  and  n  —  3  (JSACF-lras) 
experiments  for  (a)  or  n  =  1  for  (by 
^Significantly  different  from  control 
values  (p  <  0.05). 
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duced  Myc  protein  (Fig.  6a)  and  mRNA  (Fig.  6b)  levels  by 
approximately  50%  and  90  jxM  quinidine  had  a  more  pro¬ 
nounced  effect  upon  basal  Myc  protein  and  mRNA  levels. 
MCF-7  cells  stably  transfected  with  H -ras  (MCF-lras)  have  an 
activated  ras  signaling  pathway  and  express  higher  levels  of 
Myc  protein  and  mRNA  than  wild-type  MCF-7  cells.  Quinidine 
reduced  Myc  protein  and  mRNA  expression  in  MCF-lras  cells 


to  that  seen  in  wild- type  MCF-7  cells  exposed  to  quinidine, 
suggesting  that  quinidine  interferes  with  H -ras  activated  path¬ 
ways  that  stimulate  Myc.  Collectively,  our  data  demonstrate 
quinidine  inhibits  basal  c -myc  expression,  estradiol-inducible 
c-myc  expression,  c-myc  expression  stimulated  by  sub-cultiva¬ 
tion  and  H-ras-driven  c-myc  expression  in  MCF-7  human  breast 
tumor  cells. 
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Quinidine  inhibits  C-myc  promoter  activity 
The  ability  of  quinidine  to  inhibit  c-myc  promoter  activity  was 
tested  using  myc-luciferase  reporter  plasmids  transiently  trans¬ 
fected  into  MCF-7  cells.  Cells  were  incubated  in  the  presence  of 
quinidine  for  24  hr  after  transfection  and  luciferase  activity  was 
measured  in  the  cell  extracts.  Luciferase  activity  in  mock-trans¬ 
fected  cells  was  <0.1%  of  the  activity  in  control  cells  transfected 
with  Del-1  (Fig.  la).  Quinidine  treatment  caused  a  concentration- 
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dependent  decrease  in  the  activity  of  the  Del-1  c-myc  promoter. 
Ninety  |xM  quinidine  decreased  c-myc  promoter  activity  by  60%, 
similar  to  the  observed  levels  of  inhibition  of  Myc  protein  and 
mRNA. 

To  better  define  the  region  of  the  c-myc  promoter  responsive  to 
quinidine,  a  series  of  5 '-deletion  mutants  of  Del-1  was  tested  (Fig. 
lb).  The  cyclin  D1 -luciferase  (CD1)  and  promoterless  luciferase 
(Luc)  plasmids  were  used  as  controls.  Relative  luciferase  activity 
driven  by  the  various  plasmids  was  compared  to  Del-1.  Quinidine 
suppressed  the  activity  of  all  the  myc  5 '-deletion  mutants  by 
60-70%,  but  had  a  minimal  effect  on  luciferase  expression  driven 
by  the  cyclin  D1  promoter,  suggesting  that  the  effect  of  quinidine 
is  promoter  specific  and  not  related  to  more  general  effects  asso¬ 
ciated  with  cell  cycle  arrest  in  Gl.  Quinidine  did  not  inhibit  the 
enzymatic  activity  of  the  purified  luciferase  protein  (data  not 
shown).  We  conclude  that  quinidine  suppresses  the  activity  of  the 
c-myc  promoter  and  that  a  168  bp  region  of  human  c-myc  promoter 
from  - 100  to  +68  with  respect  to  the  PI  promoter  is  sufficient  to 
confer  responsiveness  to  quinidine. 

Although  quinidine  does  not  appear  to  act  by  restoring  TGFpl 
pathways  that  suppress  Myc  production,  the  TCE,  a  TGF-|31 
control  element,  —86  bp  to  —63  bp  with  respect  to  PI,  that  was 
first  identified  in  keratinocytes,  is  present  in  the  quinidine  respon¬ 
sive  region  of  the  c-myc  promoter.39  This  element  controls  repres¬ 
sion  of  the  c-myc  promoter  by  Rb  and  this  might  be  important  to 
the  quinidine  response. 

The  actions  of  quinidine  on  the  c-myc  Del-4  promoter  and  the 
cyclin  D1  (CD1)  promoter  were  compared  in  MCF-10A  and 
MCF-7  cells.  The  cyclin  D1  promoter  was  active  in  MCF-10A 
cells  (877  cpm  ±  23,  mean  ±  range  of  duplicates  in  n  =  2 
experiments)  and  was  not  regulated  by  quinidine  (90  jxM,  24  hr) 
(894  cpm  ±  23,  n  ~  2).  The  c-myc  Del-4  promoter,  the  most  active 
of  the  c-myc  promoter  constructs  in  MCF-7  cells,  was  completely 
inactive  in  MCF-10A  cells  in  3  of  4  experiments.  This  was  not  an 
experimental  artifact,  because  2  of  these  experiments  showed 
excellent  activity  of  the  cyclin  D1  promoter  in  the  MCF-10A  cells 
and  this  same  Del-4  construct  was  active  in  MCF-7  cells  trans¬ 
fected  in  parallel  with  the  MCF-10A  cells.  This  result  suggested 
that  the  cis-acting  elements  required  for  transcription  of  the  myc 
gene  differ  in  MCF-10A  and  MCF-7  cells. 


Figure  7  -  Suppression  of  c-myc  promoter  activity  by  quinidine.  (a) 
MCF-7  cells  were  transfected  with  5  pg/dish  of  Del-1  (-2265  myc) 
C-myc- luciferase  reporter  plasmid  or  with  the  transfection  mix  alone 
(DOTAP).  At  the  end  of  transfection  cells  were  incubated  for  24  hr  in 
DMEM/5%  FBS  +  the  indicated  concentrations  of  quinidine  before 
preparing  cell  extracts  for  luciferase  assay.  Data  shown  are  the  mean 
luciferase  activity  ±  SD  of  n  —  3  experiments  (90  and  120  pM 
quinidine)  and  n  =  2  experiments  (30  and  50  pM  quinidine).  The  data 
are  expressed  as  a  percent  of  luciferase  activity  in  control  cells  (100%). 
Luciferase  activity  in  mock-transfected  cells  (DOTAP)  was  <0.01% 
that  of  control  cells.  Luciferase  cpm  in  MCF-7  cell  extracts  in  these 
experiments  were:  background  (<30),  del-1  (200-500)  and  del-4 
(2,800-6,000).  *  Significantly  different  from  control  (0  quinidine) 
cells  (p  <  0.05).  (b)  Structures  of  the  reporter  plasmids.  C-myc  and 
cyclin  D1  promoter  regions  are  solid  and  the  luciferase  coding  region 
is  indicated  in  white.  PI  and  P2  are  the  sites  of  the  transcription 
initiation  from  the  respective  c-myc  promoters.  The  nucleotide  loca¬ 
tions  of  5'  and  3' -ends  of  the  myc-Luc  constructs  are  given  with 
respect  to  the  PI.  The  effect  of  quinidine  on  c-myc  promoter  activity 
in  5 '-deletion  mutants  is  shown  to  the  right  of  each  promoter  structure. 
Cells  were  transfected  with  5  pg/dish  of  c-myc- Luc  (Del-1,  Del-2, 
Del-4,  Frag-E)  or  cyclin  D7-Luc  (CD1)  reporter  plasmids.  At  the  end 
of  transfection  cells  were  incubated  for  24  hr  in  DMEM/5%  FBS  ±  90 
uM  quinidine  before  preparing  cell  extracts  for  luciferase  assay.  Lu¬ 
ciferase  activity  driven  by  Del-1  in  the  absence  of  quinidine  was  set 
equal  to  one,  and  the  activity  of  all  the  other  promoters  ±  90  pM 
quinidine  was  compared  to  1.  The  percent  change  in  luciferase  activity 
by  quinidine  for  each  promoter  is  indicated.  ^Significantly  different 
from  control  values  (p  <  0.05).  Luciferase  activity  in  cells  transfected 
with  promoterless  construct  was  <2%  of  the  activity  in  control  cells 
transfected  with  Del-1.  Data  are  the  mean  ±  SD  of  at  least  n  =  3 
experiments. 


Quinidine  differentially  regulates  Rb/E2F1  in  MCF-7  and 
MCF-10A  cells 

E2F  transcription  factors  drive  Gl-S  progression  by  activating 
the  expression  of  genes  required  for  entry  into  S-phase.40  41  Two 
E2F  consensus  DNA  binding  sites  are  located  between  PI  and  P2 
of  the  c-myc  promoter  and  participate  in  the  activation  of  c-myc 
transcription  by  E2F  family  members.  These  sites  are  present  in 
Del-4  (—348  myc)  and  might  contribute  to  its  strong  promoter 
activity  in  MCF-7  cells.  E2F1  protein  levels  were  reduced  by  54% 
in  MCF-7  cells  exposed  to  90  pM  quinidine  for  24  hr  (Figs.  8,9) 
and  total  E2F  transcriptional  activity  measured  using  an  E2F- 
driven  luciferase  reporter  gene  decreased  by  82  ±  2%  (mean  ± 
SE,  n  =  3).  Quinidine  did  not  affect  protein  levels  of  2  other  c-myc 
transcriptional  activators,  Spl  and  Sp3  42  either  at  4  hr  or  24  hr 
(Fig.  8).  The  results  suggest  that  decreased  E2F  activity  contrib¬ 
uted  to  the  suppression  of  c-myc  promoter  activity  as  well  as  Myc 
protein  levels  observed  in  MCF-7  cells  exposed  to  quinidine  for  24 
hr.  There  was,  however,  no  decrease  in  E2F1  protein  in  MCF-7 
cells  after  a  4  hr  incubation  with  90  pM  quinidine  (data  not 
shown),  implying  that  quinidine  inhibition  of  early  myc  mRNA 
and  protein  induction  (Figs.  2,5)  occurred  by  a  different  mecha¬ 
nism.  Nevertheless,  Myc  acts  a  positive  regulator  of  E2F  protein 
levels  43  Therefore,  suppression  of  early  Myc  expression  by  quin¬ 
idine  might  contribute  to  the  fall  in  E2F1  levels  that  occurred  by 
24  hr. 

Hypophosphorylated  Rb  protein  regulates  E2F  transcriptional 
activity  by  sequestering  E2F  in  an  inactive  state  in  the  Rb  binding 
pocket.  Using  antibodies  that  recognize  total  Rb  or  only  the  phos- 
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Figure  8  -  Differential  actions  of  quinidine  on  Rb  and  E2F1  in 
MCF-7  and  MCF-10A  cells.  Cells  from  confluent  flasks  were  sub¬ 
cultured  in  DMEM  +  5%  FBS  ±  90  fiM  quinidine.  Control  (C)  and 
quinidine-treated  (Q)  cells  were  harvested  after  24  hr  and  levels  of 
immunoreactive  E2F1,  total  Rb  (T-Rb),  phospho  (Ser807/811)Rb  (P- 
Rb),  Spl  and  Sp3  were  measured  by  Western  blot.  Total  protein  per 
lane  was  identical  in  MCF-7  and  MCF-10A  cells:  E2F1  (60  jxg/lane), 
T-Rb  (80  fxg/lane),  P-Rb  (60  jxg/lane),  Spl  (10  |xg/lane)  and  Sp3  (40 
fxg/lane).  Data  shown  are  representative  of  2-4  independent  experi¬ 
ments. 


MCF-7  MCF10A 


Figure  9  -  Phospho(Ser807/811)Rb  and  E2F1  are  decreased  in  quin¬ 
idine-treated  MCF-7  cells.  Western  blot  immunoreactive  signals  cor¬ 
responding  to  Total  Rb,  phosphoRb  (p-Rb),  and  55  kDa  E2F1  protein 
levels  obtained  from  extracts  of  cells  exposed  to  90  jjlM  quinidine  for 
24  hr  were  quantified  by  densitometry.  The  value  of  the  control  signal 
for  each  protein  was  set  to  100%  in  each  experiment.  Data  shown  are 
the  signal  in  quinidine-treated  cells  expressed  as  a  fraction  of  the 
control.  Data  shown  are  the  mean  ±  SE  of  n  =  4  experiments  for 
MCF-7  cells  and  the  mean  and  range  of  n  =  2  experiments  for  E2F1 
and  Total  Rb  in  MCF-10A  cells,  and  the  mean  ±  SE  of  n  =  3 
experiments  for  p-Rb  in  MCF-10A  cells. 


phorylated  form  of  Rb  (Ser807/8U)  we  showed  that  quinidine- 
treated  MCF-7  cells  were  relatively  depleted  of  phosphorylated  Rb 
(Figs.  8,9).  Immunoprecipitation  of  total  Rb  confirmed  the  pres¬ 
ence  of  increased  E2F1  bound  to  Rb  after  quinidine  treatment 
compared  to  control  MCF-7  cells  (data  not  shown).  Thus,  quini¬ 
dine  acts  via  at  least  2  mechanisms  to  reduce  levels  of  free  E2F1 
protein  resulting  in  suppression  of  E2F-mediated  gene  activation. 

E2F1,  Spl  and  Sp3  protein  levels  were  lower  in  MCF-10A  cells 
than  in  MCF-7  cells  and  did  not  change  with  quinidine  (90  |xM,  24 
hr)  treatment  (Figs.  8,9).  Rb  protein  phosphorylation  levels  were 
nearly  identical  in  control  and  in  quinidine  treated  MCF-10A  cells. 
These  observations  support  the  hypothesis  that  quinidine  regula¬ 
tion  of  E2F1  in  MCF-7  cells  is  critical  to  its  actions  on  growth  and 
Myc  expression.  In  addition,  MCF-10A  cells  expressed  a  unique 
E2F1  immunoreactive  protein,  which  we  refer  to  as  truncated,  or 
tE2Fl  (Fig.  8).  This  30  kDa  protein  bound  E2F1  antibodies  from 
2  commercial  sources  highly  specifically.  The  monoclonal  anti¬ 


bodies  that  were  used  recognize  2  regions  within  the  E2F1  Rb 
binding  domain  and  we  conclude  that  MCF-10A  cells  express  a 
truncated,  E2Fl-like  protein  that  retains  the  Rb  binding  domain. 
This  protein  appears  to  be  transcriptionally  inactive.  We  could  not 
detect  luciferase  activity  in  MCF-10A  cells  transfected  with  the 
E2F  driven-luciferase  reporter  gene  (data  not  shown)  using  as  a 
positive  control  for  the  transfection  assays,  the  cyclin  D1 -driven 
luciferase  reporter  gene.  Collectively,  our  results  suggest  that  the  55 
kDa  E2F-1  plays  a  minor  role  in  driving  proliferation  in  MCF-10A 
cells.  This  idea  merits  more  rigorous  examination,  however  the  ob¬ 
served  quinidine  resistance  of  MCF-10A  cells  fits  well  the  model  that 
quinidine  inhibition  of  E2F-1  transcriptional  activity  is  important  for 
its  antiproliferative  action  and  suppression  of  Myc  expression. 

DISCUSSION 

In  the  present  study,  we  demonstrated  that  pharmacological 
inhibition  of  mammary  epithelial  tumor  cell  proliferation  by  quin- 
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idine  was  closely  associated  with  reduced  Myc  protein  expression. 
Quinidine  reduced  Myc  expression  by  50-70%  at  all  levels  of 
investigation  including  protein,  mRNA  and  c -myc  promoter  activ¬ 
ity  in  MCF-7  cells.  Given  the  importance  of  Myc  to  cell  survival 
and  growth  and  the  redundancy  built  into  signaling  pathways  that 
control  these  processes,  quinidine  is  a  remarkably  effective  Myc 
expression  inhibitor.  Quinidine  interfered  with  estrogen-inducible 
myc  expression,  ras-MAPK  pathways  stimulating  myc  and  mech¬ 
anisms  invoked  by  the  release  of  cells  from  confluency  into  fresh 
serum  leading  to  myc  activation  all  of  which  are  likely  to  engage 
components  of  growth  factor  signaling  pathways. 

The  cdk/Rb/E2F  pathway  plays  a  critical  role  in  G1  cell  cycle 
progression  and  cellular  differentiation.40’41  Rb  regulates  levels  of 
free  E2F  transcription  factors.  Unphosphorylated  Rb  acts  as  a 
tumor  suppressor  protein  and  sequesters  E2F  proteins  in  a  tran¬ 
scriptionally  inactive  state  by  binding  them  in  the  Rb  binding 
pocket.  Phosphorylation  of  Rb  or  the  binding  of  certain  oncogenic 
viral  proteins  to  this  binding  pocket,  causes  the  release  of  E2F1,  2 
and  3  and  triggers  Gl-S  cell  cycle  progression.  Our  results  showed 
that  after  24  hr  in  quinidine  MCF-7  cells  exhibit  an  overall  sup¬ 
pression  in  the  activity  of  the  cdk/Rb/E2F  pathway.  Eighty  percent 
of  MCF-7  cells  were  arrested  in  G1/G0  phase  of  the  cell  cycle.1 2 3-4 5 6 7 
Protein  levels  of  cdk4  and  cyclin  D1  were  reduced  and  levels  of 
the  cyclin-dependent  kinase  inhibitor,  p21/WAFl,  were  increased 
favoring  the  retention  of  retinoblastoma  protein  in  its  hypophos- 
phorylated,  tumor  suppressor  state.2  Myc  expression  and  that  of  a 
Myc  target  protein,  E2F1,  were  suppressed,  but  levels  of  the 
transcription  factors,  Spl  and  Sp3,  were  unaffected  by  quinidine 
treatment.  E2F  activated  transcription  was  decreased  by  82%  in 
MCF-7  cells  incubated  with  quinidine  for  24  hr.  We  conclude  that 
suppression  of  E2F  transcriptional  activity  is  an  important  mech¬ 
anism  of  quinidine  action. 

We  also  propose  the  idea  that  hypophosphorylated  retinoblas¬ 
toma  is  an  important  mediator  of  the  response  to  quinidine.  Hy¬ 
pophosphorylated  Rb  is  a  transcriptional  repressor  of  myc.  The 
activity  of  the  human  c-myc  promoter  was  inhibited  by  quinidine 
in  transiently  transfected  MCF-7  cells  and  the  quinidine  responsive 
region,  —100  bp  to  +68  bp,  contains  the  Rb  responsive  region. 
Quinidine  did  not  promote  the  differentiation  of  MDA-MB-468 
human  breast  tumor  cells  that  lack  Rb  protein  (Strobl,  unpub¬ 
lished)  and  the  reintroduction  of  Rb  into  Rb  — /—  SAOS  cells, 
elicited  a  large  cytoplasm  phenotype  remarkably  similar  to  that 
seen  in  quinidine-treated  MCF-7  cells.44 

The  acute  rise  in  Myc  that  occurred  90  min  after  exposure  to 
estradiol  or  subculturing  in  fresh  serum,  was  suppressed  by  quin¬ 
idine  independently  of  its  actions  upon  E2F1  or  Rb.  E2F1,  Spl  and 
Sp3  proteins  levels  did  not  change  during  a  4  hr  incubation  of 
MCF-7  cells  with  quinidine  and  the  appearance  of  hypophosphor¬ 


ylated  Rb  in  quinidine-treated  MCF-7  cells  occurred  between  12 
and  24  hr.2  Ionic  changes  elicited  by  quinidine  might  attenuate  the 
rapid  induction  of  c -myc  in  MCF-7  cells. 

In  lymphocytes,  a  rapid  induction  of  c -myc  gene  expression  was 
initiated  in  response  to  stimuli  that  raised  intracellular  Ca+2  and 
pharmacological  inhibition  of  potassium  channels  prevented  the 
rise  in  intracellular  Ca+2  in  many  cell  systems 45  46  Quinidine 
blocked  potassium  channels  in  MCF-7  cells  at  concentrations  that 
antagonize  c -myc  induction  in  MCF-7  cells,  causing  membrane 
depolarization  within  3  min.3-4  Membrane  depolarization  can  alter 
intracellular  Ca+2  by  reducing  the  driving  force  for  calcium  entry 
through  non-selective  cation  channels 46  In  addition,  quinidine  has 
been  reported  to  inhibit  inositol  1,4,5-trisphosphate  binding  to  its 
receptor  thereby  blocking  Ca+2  release  from  intracellular  stores  47 

MCF-10A  cells  continued  to  proliferate  in  the  presence  of 
quinidine  and  Myc  protein  levels  were  not  significantly  reduced.  In 
comparison  with  MCF-7  cells,  MCF-10A  cells  maintained  high 
levels  of  phosphorylated  Rb  expression  in  the  presence  of  quini¬ 
dine.  MCF-10A  cells  also  failed  to  differentiate  in  response  to 
treatment  with  either  quinidine  or  c-myc  antisense  oligonucleotides 
and  these  results  are  consistent  with  the  hypothesis  that  both 
hypophosphorylated  Rb  and  reduced  Myc  expression  are  required 
for  the  Oil  Red  O  differentiation  response  in  mammary  epithelial 
cells. 

MCF-10A  cells  exhibited  evidence  of  a  highly  expressed  30 
kDa  immunoreactive  E2Fl-like  protein.  MCF-10A  cells  expressed 
extremely  low  levels  of  55  kDa  E2F1  protein.  We  could  not 
demonstrate  transcriptional  activation  of  an  E2F-driven  luciferase 
reporter  gene  in  MCF-10A  cells  and  in  gel  mobility  shift  assays 
using  extracts  of  MCF-10A  cells,  Botos  et  al.4S  could  find  no 
evidence  for  the  presence  of  E2F1  binding  to  the  DNA  consensus 
sequence  for  E2F.  We  conclude  that  MCF-10A  cells  over  express 
a  30  kDa  protein  that  retains  a  Rb  binding  domain,  but  lacks  E2F 
DNA  binding  and  transcriptional  activity.  The  binding  of  a  trun¬ 
cated  E2Fl-like  protein  to  hypophosphorylated  Rb  could  compet¬ 
itively  inhibit  the  binding  of  other  Rb  pocket  protein  binding 
partners  or  interfere  with  the  ability  of  hypophosphorylated  Rb  to 
promote  differentiation.  The  altered  E2F-1/Rb  pathway  in  MCF- 
10A  cells  is  a  likely  explanation  for  their  resistance  to  quinidine 
actions  on  Myc  and  cell  differentiation. 
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ABSTRACT 


Quinidine,  a  natural  product  therapeutic  agent  used  to  treat  cardiac  arrhythmia  and  malarial 

parasite  infections,  has  a  remarkable  ability  to  cause  human  breast  cancer  cells  to  differentiate  in 

vitro.  Cell  differentiation  is  characterized  by  growth  arrest  and  exit  from  the  cell  cycle, 

rearrangement  of  the  cytokeratin  18  cytoskeleton,  accumulation  of  cytoplasmic  lipid  droplets  and 

MFMG  protein,  and  after  5-7  days,  apoptotic  cell  death.  We  conducted  a  screen  for  breast 

tumor  cell  differentiation  agents  among  drugs  commonly  used  as  antimalarials  and  in  a  series  of 

structurally  related  antiproliferative  compounds  available  from  the  National  Cancer  Tnetimp.  fr, 

general,  antimalarials  bearing  an  aminoalkyl  side-chain  substitution  in  the  quinoline  ring  raised 

levels  of  acetylated  histone  H4,  a  marker  of  cell  differentiation.  Among  the  antimalarials, 

chloroquine  was  the  most  potent  inducer  of  breast  tumor  cell  differentiation  measured  by  the  loss 

of  Ki67  antigen  expression  that  indicated  an  exit  of  cells  from  the  cell  cycle  into  0„.  None  of  the 

antimalarials  inhibited  histone  deacetylase  activity  in  HeLa  cell  extracts  supporting  the 

hypothesis  that  these  antimalarials  promote  cell  differentiation  by  a  novel  mechanism.  Of  14 

quinoline-based  NSC  antiproliferative  compounds,  five  were  identified  (NSC3852,  NSC10010, 

NSC69603,  NSC86371,  and  NSC305819)  as  breast  tumor  differentiation  agents  with  activity  > 

quinidine.  NSC3852  and  NSC86371  inhibited  histone  deacetylase  activity.  Five  of  the  six  NSC 

identified  stimulated  apoptosis  in  breast  tumor  cell  lines  more  effectively  than  the  antimalarials. 

We  conclude  that  these  quinolines  constitute  a  novel  class  of  breast  tumor  cell  differentiation 
agents. 


INTRODUCTION 

The  family  of  proteins  known  as  histone  deacetylases  (HDACs)  has  emerged  as  an  important 
source  of  new  targets  for  cancer  drug  development  (reviewed  in  1,2).  There  are  15  known 
HDAC  proteins  subgrouped  into  class  I,  II  and  in  HDAC  enzymes.  The  biology  of  the  class  I 
nuclear  HDACs,  hdacl  and  hdac  2,  in  mammalian  tumor  cells  is  best  understood.  Class  I 
HDACs  are  ubiquitous  in  human  tumor  cell  lines.  They  catalyze  the  deacetylation  of  histones  as 
well  as  transcription  factors  such  as  p53,  GATA,  E2F,  and  the  estrogen  receptor  (ERa).  In 
addition,  the  ability  of  hdacl  and  2  to  recruit  repressor  protein  complexes  containing 
retinoblastoma  protein  (pRb),  Rbp46/48,  NCoR,  SMRT,  and  Mi2  to  specific  chromatin  regions  is 
thought  to  contribute  importantly  to  their  effects  on  cell  proliferation  and  differentiation  in  tumor 
cells  (reviewed  in  3).  The  binding  of  DNA  methyltransferase  (Dmtl)  and  methyl-CpG-binding 

proteins  to  histone  deacetylase  integrates  control  of  gene  expression  by  DNA  methylation  and 
protein  acetylation  (reviewed  in  4). 

The  study  of  histone  deacetylase  regulation  of  gene  expression  has  been  facilitated  by  the 

availability  of  phaimacologic  inhibitors  (reviewed  in  5,6),  Trichostatin  A  (TSA)  is  among  the 

first  highly  potent  HDAC  inhibitors  identified.  TSA  is  a  benzamide  derivative  possessing  an 

alkyl  side  chain  tenninating  in  hydroxamic  acid.  The  side  chain  projects  into  the  catalytic  cleft  of 

HDAC,  reversibly  inhibiting  enzyme  activity  by  chelating  Zn«  at  the  active  site  and  physically 

blocking  substrate  access  the  tmtive  site.  The  hydroxamic  acid  series  of  HDAC  inhibitors  also 

includes  superoylanilide  hydroxamic  acid  (SAHA)  and  oxamflatin  and  act  by  a  similar  or 
identical  mechanism. 

A  growing  number  of  natural  compounds,  primarily  mycotoxins  bu,  also  bacterially 
derived  products,  have  been  found  to  inhibit  HDAC.  These  compounds  exhibit  antifungal  (TSA) 
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and  broad  spectrum  antiprotozoal  activity  (e.g.  apicidin,  depudecin)  as  well  as  antiproliferative 

activity  m  mammalian  cells,  highlighting  the  broad  biological  significance  of  HDAC.  Many  of 

the  HDAC  inhibitors  derived  tan,  fungi  are  cyclic  tetrapeptides.  These  include  apicidin, 

trapoxin,  HC-toxin,  chlamydocin  and  WF-3161  (7).  The  (2-amino-9,10-epoxy-8-oxodecanoic 

acid)  (Aoe)  moiety  extending  from  the  peptide  ring  of  trapoxin,  HC-toxin,  WF-3161  and 

chlamydocin  is  thought  to  mediate  irreversible  inhibition  of  HDAC  by  occupying  the  substrate 

binding  pocket  and  covalently  modifiying  critical  amino  acid(s)  in  the  active  site  through  the 

epoxide.  Similarly,  depudicm,  a  fungal  metabolite  with  a  linear,  non-peptide  structure  contains  2 

epoxide  groups  that  may  account  for  its  irreversible  inhibition  of  HDAC.  The  other  fungal 

products,  apicidin  and  depsipeptide,  lack  the  epoxide  moiety  and  reversibly  inhibit  HDAC. 

Apicidin  contains  a  2-amino-8-oxodecanoyl  side  chain  and  this  could  cause  apicidin  to  act  as  a 

substrate  mimetic,  and  inhibit  HDAC  by  a  mechanism  similar  to  that  of  TSA  (5,6).  Depsipeptide 

(FK-228)  is  a  bicyclic  tetrapeptide  devoid  of  an  alkyl  side  chain,  and  may  act  by  a  novel 
mechanism  (8). 

In  addition  to  the  compounds  already  discussed,  there  are  the  low  potency  butyrates  (sodium 

butyrate,  phenylbutyrate  and  phenylacetate)  (9),  potent  synthetic  HDAC  inhibitors  (MS-275  and 

other  hydroxamates)  (6,1 0,1 1),  and  novel  agents  such  as  scriptaid  (12)  and  valproic  acid  (13).  All 

of  these  compounds  share  the  ability  to  either  reverse  the  transformed  phenotype  of  tumor  cells 

or  inhibit  tumor  cell  proliferation,  and  therefore  are  of  considerable  interest  as  potential  cancer 
therapeutic  agents. 

Quinidine  is  a  natural  alkaloid  produced  by  cinchona  tree  bark.  In  human  breast  tumor  cells 
quinidine  caused  histone  hyperacetylation,  growth  arrest,  differentiation,  and  apoptosis  by  a 
novel  mechanism  involving  degradation  of  hdacl  by  the  proteasome  pathway  (14).  Quinidine 
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and  TSA  elicited  similar  phenotypic  responses  in  MCF-7  cells.  In  the  present  study  we  report 
other  natural  and  synthetic  quinolines  mimic  quinidine  in  stimulating  histone  hyperacetylation, 
and  identify  quinolines  as  a  new  chemical  class  of  breast  tumor  cell  differentiation  agents. 

MATERIALS  AND  METHODS 

Chemicals.  Quinidine,  chloroquine,  primaquine,  amodiaquin,  quinine,  quinoline,  quinolinic  acid 
and  trichostatin  A  were  purchased  from  Sigma  Chemical  Company  (St.  Louis,  MO). 
Hydroxychloroquine  sulfate  was  the  kind  gift  of  Mylan  Phamtaceuticals,  Inc.  (Morgantown, 
WV).  Dr.  Robert  Schultz  (Drug  Synthesis  &  Chemisfry  Branch,  Developmental  Therapeutics 
Program,  Division  of  Cancer  Treatment  and  Diagnosis,  National  Cancer  Institute,  Bethesda, 
MD)  generously  provided  us  with  all  the  investigational  new  drugs  (NSC),  including  the 
antimalarials,  mefloquine  (NSC157387)  and  halofantrine  methylsulfate  (NSC305789).  All  other 
reagents  were  purchased  from  Sigma  or  Fisher  Scientific  (Pittsburgh,  PA). 

Antibodies.  The  Ki67  antibody  was  purchased  from  Dako  Corporation  (Glostrup,  Denmark) 
and  polyclonal  anti-acetylated  histone  H4  was  purchased  from  Upstate  (Waltham,  MA).  The 
beta-actin  antibody  was  purchased  from  Sigma.  Peroxidase-conjugated  secondary  antibodies 

were  used  at  dilutions  recommended  by  the  suppliers  and  reactions  were  visualized  using  Super 
Signal  (Pierce,  Rockford,  IL). 

Cell  culture.  The  human  breast  cancer  cell  lines,  MCF-7  (passages  43-60)  and  MDA-MB-231 
were  grown  in  DMEM  supplemented  with  10%  heat-inactivated  fetal  bovine  serum,  2  mM 
glutamine,  and  40  ng/ml  gentamicin  at  37°  C  in  a  humidified  atmosphere  of  6%  CCV94%  air. 
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Cells  were  passaged  weekly.  Experiments  were  conducted  with  cell  populations  sub-cultured 
from  confluent  flasks  into  medium  containing  5%  serum. 

MTS  Assay  3-(4,5-dimethyIthiazol-2-yI)-5.(3-ca^^ 

tetrazolium  (MTS)  (Promega,  Madison.  WI)  is  metabolized  by  the  mitochondria  of  living  cells  to 
produce  a  colored  fotmazan  product  quantifiable  spectrophotometrically  by  the  increase  in 
absorption  at  490  nm.  MCF-7  or  MDA-MB-23 1  cells  were  replica  plated  into  96-well  plates  and 
incubated  for  24  h  without  drugs.  Serial  dilutions  of  each  compound  were  added  to  the  wells  and 
cells  were  incubated  in  their  presence  (or  solvent  alone)  for  48  h  before  addition  of  the  MTS 
substrate.  The  absorbance  (490  nm)  in  each  well  was  determined  after  a  2  h  incubation  at  37  °C 
with  the  MTS.  Concentration-response  data  obtained  in  this  manner  were  analyzed  using 
PnsmGraphPad  software,  with  data  fitting  to  a  non-linear  regression.  MTS  ,C5o  values  obtained 
m  this  maimer  were  used  to  estimate  the  antiproliferative  effects  of  all  the  compounds. 

Cell  Differentiation  End-Points.  Cells  were  plated  onto  sterile  glass  coverslips  placed  into  35 
mm2  tissue  culture  dishes.  Test  compounds  were  used  at  the  MTSICS0  values  and  incubations 
conducted  for  48-72h.  Differentiated  mammary  epithelial  cells  accumulate  cytoplasmic  lipid 
droplets.  To  visualize  the  appearance  of  cytoplasmic  lipid  droplets  in  MCF-7  and  MDA-MB-231 
cells  in  response  to  drug  treatment,  the  fixed  cells  were  stained  with  Oil  Red  O  and 
counterstained  with  Mayer’s  hematoxylin  (15).  A  cell  containing  at  least  1  lipid  droplet  was 
considered  positive  for  Oil  Red  O  staining,  and  the  fraction  of  positive  cells  in  a  population  of  at 
least  500  cells/drug  condition  was  used  as  an  index  of  cell  differentiation.  Differentiated  cells 
exit  the  cell  cycle,  and  are  marked  by  the  loss  of  immunoreactive  nuclear  Ki67  antigen. 
Immunocytochemical  detection  of  Ki67  was  performed  on  MCF-7  cells  grown  for  48  h  in 
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MTSIC50  levels  of  test  compounds  or  solvent  alone  using  the  methods  described  previously 
(1 6, 1 7),  and  a  Ki67  index  calculated  using  the  formula: 

%  Ki67  negative  cells  in  drug-treated  /  %  Ki67  negative  cells  in  control  cells. 
Immunoblotting.  To  monitor  histone  H4  acetylation,  histones  were  prepared  from  crude  nuclear 
pellets.  Equal  amounts  of  histone  protein  were  loaded  onto  12  %  SDS-polyacrylamide  gels. 
Proteins  were  transferred  to  polyvinylidene  difluoride  membranes  and  membranes  subjected  to 

blocking  and  washing  conditions  as  detailed  previously  (14).  Signals  were  visualized  using 
autoradiography. 

Fluorometric  Hdac  Activity  Assay.  HeLa  cell  extracts  contain  predominantly  hdacl  and  hdac2 
and  were  used  as  the  HDAC  source  to  screen  compounds  for  direct  HDAC  inhibitory  activity 
(HDAC  Fluorescence  Activity  Assay,  BIOMOL  Research  Laboratories,  Inc.,  Plymouth  Meeting, 
PA).  MTS,C5o  levels  of  each  compound  were  added  to  HeLa  cell  extracts  diluted  in  reaction 
buffer.  Reactions  were  initiated  by  the  addition  of  substrate  (40pM  final  concentration),  and 
were  conducted  for  10  minutes  at  37°  C  in  triplicate  wells  of  a  96-well  plate.  Reactions  were 
stopped  by  the  addition  of  developer,  and  the  release  of  fluorescently  tagged  product  was 
quantified  using  360nm  excitation  and  460nm  emission. 

Apoptosis  Determinations.  The  release  of  nucleosomal  fragments  into  the  cytoplasm  of 
apoptotic  cells  was  quantified  using  the  Cell  Death  Detection  ELISAplus  kit  (Roche  Applied 
Science).  As  a  measure  of  the  ability  of  each  compound  to  induce  apoptosis  in  MCF-7  and 
MDA-MB-23 1  cells,  the  nucleosome-enrichment  fraction  was  calculated  as  the  ratio  of  the 
absorbance  (405  nm)  of  drug-treated  cultures  /  solvent  exposed  cultures.  MCF-7  and  MDA-MB- 
23 1  cells  replica  plated  in  triplicate  into  96-well  plates  were  exposed  to  MTSIC50  levels  of 
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compounds  for  72  h  or  24  h,  respectively.  Cell  cytoplasmic  fractions  from  each  well  were 
assayed  in  duplicate  for  the  presence  of  nucleosomes  as  directed  by  the  supplier. 

Statistical  Analysis.  Data  were  analyzed  for  statistical  significance  using  a  one-way  ANOVA 
followed  by  Dunnetf  s  t-test  to  compare  drug-treated  groups  to  the  appropriate  solvent  control 
group.  The  level  of  statistical  significance  used  was  P  <  0.05. 


RESULTS 


The  Cell  Differentiation  Response  to  Antimalarials.  Figures  1  and  2  compare  the  lipid 
droplet  differentiation  response  in  MCF-7  cells  treated  for  40-72h  with  quinoline  antimalarials 
(quimdine,  quinine,  primaquine,  chloroquine,  amodiaquine,  mefloquine),  halofantrine  or  the 
HDAC  inhibitor,  trichostatin  A  (TSA),  Quinoline  and  quinolinic  acid  weie  used  as  controls. 
Each  antimalarial  was  screened  using  a  range  of  concentrations;  the  data  shown  are  the  results 
obtained  using  the  highest  concentration  of  each  antimalarial  that  did  not  cause  overt 
cytotoxicity.  For  comparison,  MCF-7  cells  treated  with  40  nM  TSA  is  shown.  The  strongest  lipid 
droplet  accumulation  responses  are  depicted  in  Figure  1  and  the  weaker  lipid  droplet  responses 
are  in  Figure  2.  Lipid  droplets  were  quantified  by  counting  the  number  of  droplets/cell  and  by 
counting  the  fraction  of  cells  containing  1  or  more  lipid  droplets/cell.  Both  methods  gave 
equivalent  results.  The  rank  order  of  efficacy  for  induction  of  lipid  droplet  accumulation  in 
MCF  7  cells  was.  quinine  (90  pM)  >quinidine  (90  pM)  >  primaquine  (10  pM)  >  TSA  (40  nM) 
>  amodiaquin  (10  pM)  >chloroquine  (10  pM)>quinoline  (50  pM)>quinolinic  acid  (50 
pM)>halofantrine  (1  pM)  a  mefloquine  (1  pM).  Eighty  to  ninety  percent  of  cells  exposed  to 
quinine,  quinidine  or  primaquine  accumulated  lipid  droplets.  In  contrast,  less  than  10%  of  cells 
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incubated  with  quinolinic  acid,  mefloquine  or  halofantrine  showed  lipid  droplets.  A  similar 
pattern  of  responses  was  observed  when  MCF-7  cells  were  treated  for  48  h  with  concentrations 
of  these  drugs  that  inhibited  MTS  metabolism  by  50%  (MTSiC50  levels)  (Table  1).  TSA  (40  nM) 
caused  approximately  75%  of  MCF-7  cells  to  accumulate  lipid  droplets  by  40  h.  For  comparison, 
the  TSA  MTS  IC50  in  MCF-7  cells  was  35nM,  and  8.5  nM  was  the  TSA  IC50  measured  for 
HDAC  activity  in  HeLa  cell  extracts.  TSA  was  the  most  potent  inducer  of  differentiation  in  this 

experiment,  however  the  data  show  that  strong  differentiation  responses  were  elicited  by  many  of 
the  quinoline  antimalarials. 

Histone  H4  Hyperacetylation  and  Cell  Differentiation  by  Antimalarials.  The  ability  of 
quinidine  to  stimulate  MCF-7  histone  acetylation  and  differentiation  was  shared  by  other 
antimalarial  drugs.  Histone  H4  hyperacetylation  in  response  to  MTSicso  levels  of  the  antimalarial 
drugs  chloroquine,  primaquine  and  quinine  was  comparable  to  that  of  quinidine  and  TSA  (Figure 
3).  The  antimalarials  halofantrine  and  amodiaquin  also  increased  histone  H4  acetylation  (data  not 
shown).  However,  the  antimalarial,  mefloquine,  and  structural  analogs  lacking  antimalarial 
activity  (quinoline  and  quinolinic  acid)  did  not  raise  histone  H4  acetylation  levels  (data  not 
shown).  All  of  the  antimalarials  that  stimulated  histone  H4  acetylation  and  differentiation  as 
measured  by  lipid  droplet  accumulation  possessed  an  aminoalkyl  substitution  of  the  quinoline 
nng,  suggesting  that  this  is  an  important  chemical  determinant  of  these  responses. 
Halofantrine,  has  an  aminoalkyl  side  chain  and  stimulated  histone  H4  hyperacetylation  (24  h,l  1 
pM  halofantrine),  but  few  cells  accumulated  lipid  droplets  in  response  to  either  48h  (11  pM 
halofantrine)  or  72  h  treatment  with  1  pM  halofantrine.  Halofantrine  is  unique  among  the 
antimalarials  tested  because  it  is  a  phenanthrene  ring  compound  rather  than  a  quinoline.  These 
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data  suggested  that  the  quinoline  ring  was  important  to  the  differentiation  response,  and  a  more 

extensive  screen  for  breast  tumor  cell  differentiation  agents  among  quinoline  compounds  was 
performed. 

Investigational  Drugs  Promote  Cell  Differentiation.  Quinoline  derivatives  with  demonstrated 
antiproliferative  activity  in  human  tumor  cell  lines  were  chosen  from  the  compound  (NSC) 
library  maintained  by  the  Developmental  Therapeutics  Program  of  the  National  Cancer  Institute. 
Full  chemical  names  and  structures,  and  results  of  growth  inhibition  assays  in  the  60  tumor  cell 
lme  screen,  are  posted  on  the  NCI  website  (http://dtp.nci.nih.gov/).  Table  1  compares  the 
antiproliferative  activity  of  17  NSC  agents,  7  antimalarial  drugs,  hydroxychloroquine  (a 
structural  analog  of  chloroquine  used  as  an  immunosuppressant  (18),  quinoline,  and  quinolinic 
acid  in  MCF-7  and  MDA-MB-23 1  human  breast  tumor  cells.  Reductions  in  sulforhodamine  blue 
(SRB)  stainin§  (GIso)  a  measure  of  growth  arrest  reported  by  the  NCI  is  compared  with 
antiproliferative  data  obtained  using  the  inhibition  of  MTS  metabolism  (IC50)  independently 
determined  under  our  experimental  conditions.  In  most  instances,  the  IC50  values  in  the  MTS 
assays  performed  in  our  laboratory  and  the  NCI  SRB  inhibition  assays  were  in  agreement.  The 
compounds  in  Table  1  are  listed  in  order  of  decreasing  potency  for  inhibition  of  MTS 
metabolism  in  the  MCF-7  cell  line.  Our  functional  screening  assays  were  performed  using  the 
MTS  IC50  values  determined  in  the  MCF-7  cells  and  MDA-MB-23 1  cells.  Most  of  the 
compounds  listed  in  Table  1,  with  the  exception  of  (quinoline,  halofantrine,  mefloquine,  and 
NSC86372),  caused  lipid  droplet  accumulation  in  the  breast  cancer  cell  lines,  our  primary  screen 
for  potential  cell  differentiation  agents.  Compounds  differed  in  their  time  course  and  magnitude 
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of  lipid  droplet  accumulation.  The  concentrations  needed  to  elicit  lipid  droplet  accumulation 
among  the  compounds  ranged  from  0.1X  the  MTS,C3o  to  2X-10X  the  MTSicso. 

To  facilitate  discrimination  of  the  most  active  cell  differentiation  agents,  the  differentiation 
potential  of  each  was  assessed  by  measuring  MCF-7  cell  exit  from  the  cell  cycle  into  G0  as 
marked  by  the  loss  of  Ki67  antigen  immunoreactivity  after  a  48h  incubation.  The  Ki67  index  for 
24  compounds  is  summarized  in  Figure  4,  and  shows  5  NSC  agents  and  chloroquine  have  higher 
differentiating  activity  than  quinidine  by  this  measure.  It  is  noteworthy  that  all  of  the  compounds 
exhibiting  a  high  Ki67  index  (hydroxychloroquine  and  to  the  right,  Figure  4))  stimulated  lipid 
droplet  accumulation  <  MTSicso.  The  compounds  with  low  Ki67  indices  (mefloquine,  quinoline, 
NSC86372,  and  halofantrine)  were  those  compounds  that  were  negative  for  lipid  droplet 
accumulation.  Thus  using  two  criteria,  lipid  droplet  accumulation  and  Ki67  index,  it  was  possible 
to  identify  compounds  with  the  greatest  cell  differentiation  activity.  Representative  photographs 

of  Oil  Red  O  lipid  droplet  accumulation  and  Ki67  responses  in  MCF-7  cells  exposed  to 
NSC10010  are  shown  in  Figure  5. 

A  comparison  of  the  chemical  structures  (Figure  6)  indicated  that  the  quinoline  antimalarials 
(chloroquine  and  quinidine)  and  the  novel  acting  NSC  differentiation  compounds  share  a 
common  structural  motif,  a  substitution  in  the  4-position  of  the  quinoline  ring.  In  4  compounds 
(quinidine,  chloroquine,  NSC305819,  NSC10010),  this  substituent  is  an  aminoalkyl  side  chain. 

HDAC  Inhibition  by  Cell  Differentiation  Compounds.  To  test  whether  the  quinoline 
differentiation  compounds  shared  the  same  mechanism  of  action  as  TSA,  HDAC  inhibition  in 
cell-tree  HeLa  extracts  was  measured.  Two  of  the  differentiation  compounds,  NSC86371  and 
NSC3852,  inhibited  HDAC  activity  at  their  MTS.cso  levels  (Figure  7).  The  chemical  structures 
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of  both  compounds  (Figure  6)  differed  from  the  reference  quinoline  antimalarials  and  the  other 
most  active  differentiation  compounds.  The  HDAC  inhibitory  quinoline  differentiation 
compounds  lacked  an  aminoalkyl  side-chain  in  the  4-position  of  the  quinoline  ring.  None  of  the 
antimalarial  agents  was  a  direct  HDAC  inhibitor,  nor  did  the  quinoline  ring  alone  inhibit  HDAC. 
The  quinoline  differentiation  compounds,  including  highly  active  NSC305819,  NSC10010  and 
NSC69603,  had  no  statistically  significant  effect  on  HDAC  activity,  and  we  conclude  that  this 
series  of  compounds  contains  novel  cell  differentiation  agents. 


Cell  Differentiation  and  Apoptosis.  Among  therapeutic  anticancer  agents,  the  ability  to 
induce  apoptosis  is  a  desirable  feature.  The  apoptotic  activity  of  the  antimalarial  compounds  and 
the  quinoline  differentiation  compounds  was  screened  using  the  MCF-7  and  MDA-MB-23 1  cells 
in  a  nucleosome-release  ELISA  (Figure  8).  MCF-7  and  MDA-MB-23 1  cells  are  representative  of 
tumor  cells  with  disparate  apoptotic  sensitivities.  The  MCF-7  cell  line  has  wild-type  p53,  wild- 
type  bcl-2  and  mutant  caspase-3;  in  contrast,  MDA-MB-23 1  cells  express  mutant  p53,  inactive 
bcl-2  and  wild-type  caspase-3.  Not  sutprisingly,  in  MCF-7  cells,  the  antimalarial  compounds  and 
their  inactive  control  compounds,  quinoline  and  quinolinic  acid,  were  inactive  in  the  nucleosome 
release  assay.  In  general,  the  NSC  agents  caused  apoptosis  activity  under  the  same  conditions. 
In  MCF-7  cells,  the  direct  HDAC  inhibitor,  NSC86371,  elicited  a  strong  apoptotic  response,  and 
as  a  differentiation  agent  with  one  known  mechanism  of  action,  NSC86371  might  be  a  good 
candidate  for  drug  development.  Three  other  quinoline  differentiation  compounds  had  apoptotic 
activity  in  MCF-7  cells:  NSC305819,  NSC10010,  and  NSC3852.  NSC69603  is  among  the  most 
active  differentiation  compounds,  and  its  inability  to  cause  apoptosis  in  MCF-7  cells  is  an 
indication  of  its  unique  properties  as  a  cell  differentiation  agent. 
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There  were  similarities  and  striking  differences  in  the  apoptotic  response  of  MDA-MB-23 1 
and  MCF-7  cells  by  the  quinoline  differentiation  compounds.  The  antimalarials,  with  the 
exception  of  chloroquine,  were  not  apoptotic  in  MDA-MB-23 1  cells.  Similarly,  the  active 
quinoline  differentiation  compound,  NSC69603  was  not  apoptotic  in  either  cell  line.  Two  other 
highly  active  differentiation  agents,  NSC10010  and  NSC3852  induced  apoptosis  in  MDA-MB- 
23 1  as  well  as  MCF-7  cells.  However,  in  contrast  to  our  observations  with  the  MCF-7  cells, 
NSC305819  and  NSC86371  did  not  stimulate  apoptosis  in  MDA-MB-23 1  cells;  NSC146397,  a 
compound  that  produced  a  very  modest  cell  differentiation  response,  stimulated  the  strongest 
apoptotic  response  in  MDA-MB-23 1  cells.  We  conclude  that  NSC69603  is  a  quinoline 
differentiation  compound  lacking  in  apoptotic  activity.  NSC10010  and  NSC3852  are  quinoline 
differentation  compounds  that  elicit  modest  apoptotic  responses  in  MCF-7  and  MDA-MB-23 1 
cells.  NSC305819  and  NSC86371  are  quinoline  differentiation  compounds  with  very  good 
potential  for  apoptosis  induction,  yet  because  of  the  cell  line  specific  nature  of  the  apoptotic 
response,  a  better  understanding  of  the  mechanistic  basis  for  the  sensitivity  to  apoptosis  is 
required  in  order  to  better  predict  tumor  cells  susceptibility. 

DISCUSSION 

A  recent  hypothesis  asserts  that  the  origins  of  human  cancers  can  be  traced  to  mutational  events 
m  three  critical  pathways  amidst  a  spectrum  of  genes  controlling  cell  growth,  death,  and 
differentiation  (19).  Evidence  in  support  of  this  hypothesis  can  be  gleaned  from  mutational 
analyses  of  human  breast  tumors.  In  human  breast  cancer,  gene  amplification  in  c -myc,  c-neu 
(er*B2/HER2),  and  the  llql3  locus  occur  most  frequently  (20-22).  Overexpression  of  c-myc 
activates  TERT  gene  expression  and  telomerase  activity  (23).  Telomere  elongati™  md 


13 


prevention  of  cell  senescence  is  one  critical  event  in  cancer  formation.  The  tumor  suppressor 
proteins  retinoblastoma  (pRb)  and  P53  are  engaged  in  a  second  critical  pathway  controlling  cell 
cycle  progression  and  gene  expression,  and  inactivating  mutations  in  these  proteins  are  common 
in  breast  cancer  (24).  The  third  critical  pathway  identified  involves  the  serine/threonine 
phosphatase,  PP2A,  but  the  essential  role  of  PP2A  in  human  tumors  has  not  yet  been  defined.  In 
addition  to  the  evidence  that  breast  tumors  harbor  critical  cancer  mutations,  subsets  of  human 
breast  tumors  exhibit  other  mutations  that  confer  additional  abnormal  properties  to  the  tumors. 
The  erbm  amplification,  which  predominates  in  estrogen  receptor  negative  breast  cancers, 
activates  growth  factor  signaling  pathways  including  res,  an  oncogene  of  broad  importance  to 
tumorigenesis  (25).  The  11,13  chromosomal  locus  is  frequently  amplified  in  estrogen  receptor 
positive  breast  tumors.  The  11,13  locus  harbors  a  number  of  potentially  important  genes 
including  CCND1,  the  gene  encoding  the  cell  cycle  regulator,  cyclin  Dl,  EMS1,  a  SH3-protein 
capable  of  engaging  the  sre  oncogene  signaling  pathways,  and  int-2,  the  gene  encoding  fibroblast 
growth  factor  3  (22).  Patients  with  hereditary  breast  cancer  exhibit  mutations  in  Brcal/2,  loci 
encoding  a  large,  multifunctional  proteins  that  participate  in  DNA  replication,  genome  integrity 
as  well  as  breast  epithelial  differentiation  (26,27). 

The  genetic  basis  of  breast  cancer  is  being  defined  with  the  hope  that  this  effort  will  establish 
a  rational  basis  for  effective  control  of  this  disease.  In  principle,  suppression  of  the  transformed 
phenotype  in  tumor  cells  will  occur  when  normal  expression  of  critical  oncogenes  is  re¬ 
established,  and  this  principle  is  tested  phamiacologically  by  the  use  of  cancer  cell  differentiation 
agents  to  control  cancer.  The  actions  of  quinidine  in  human  breast  tumor  cell  lines  exemplify 
this  idea,  targeting  several  critical  oncogenes  in  breast  tumors  (14,15).  Quinidine  suppressed  c- 
myc  expression,  restored  pRb  to  its  hypophosphorylated,  active  tumor  suppressor-state,  and 
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induced  p53  expression.  Quinidine  also  decreased  cyclin  D1  protein  levels,  and  suppressed 
growth  of  ray-transformed  breast  tumor  cells.  These  effects  were  accompanied  by  phenotypic 
differentiation  of  the  cells,  confirming  that  reversal  of  the  transformed  phenotype  occurs  when 
expression  of  critical  oncogenes  is  normalized. 

Histone  deacetylase  has  been  recognized  for  several  years  as  an  important  new  cancer  drug 
target  because  of  its  ability  to  regulate  gene  transcription  in  tumor  cells.  Our  functional  screen 
for  breast  tumor  cell  differentiation  agents  identified  two  new  small  molecule  inhibitors  of 
histone  deacetylase,  NSC3852  and  NSC86371.  Although  these  are  relatively  low  potency 
inhibitors,  NSC3852  (5-nitroso-8-quinolinol)  and  NSC86371  (2-[2-(8-hydroxy-5-methyl-7- 
quinolyl)vinyl]-l, 6-dimethyl  iodide)  are  structurally  distinct  from  the  cyclic  peptide  natural 
products  and  the  hydroxamic  histone  deacetylase  inhibitors,  and  therefore  might  possess  unique 
pharmacologic  properties.  Preliminary  work  with  NSC3852  indicated  that  the  nitroso 
substitution  in  NSC3852  was  essential  to  histone  deacetylase  inhibition  because  8-quinolinol 
(NSC2039)  had  no  effect  on  histone  deacetylase  activity. 

Functional  screening  for  breast  tumor  cell  differentiation  also  identified  several  active 
antimalarial  compounds.  Phenotypic  differentiation  and  growth  arrest  in  G0  phase  of  the  cell 
cycle  was  most  prominent  with  chloroquine,  but  also  occurred  in  cells  exposed  to  quinidine, 
quinine,  hydroxychloroquine;  and  amodiaquin.  Only  a  subset  of  the  therapeutically  useful 
antimalarial  agents  that  we  screened  were  capable  of  tumor  cell  differentiation,  and  all  of  these 
were  quinoline  rmgs  substituted  in  the  4-position  with  an  alkylamino  side  chain.  The  two  most 
active  antimalarial  compounds,  chloroquine  (data  not  shown)  and  quinidine,  caused  rapid 
elimination  of  histone  deacetylase  1  protein.  The  novelty  of  this  response  suggests  that  these 
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compounds  might  be  used  to  complement  existing  differentiation  therapies,  particularly  since 
their  human  pharmacology  and  toxicology  is  well  established. 

NSC10010  (N,N-Bis(2-methyl-6-methoxy-4-quinaldyl)-l,9-diamine-nonane  dihdrochloride 

hydrate)  and  NSC305819  are  novel  breast  tumor  differentiation  agents  bearing  striking  chemical 
similarities  to  drags  possessing  antimalarial  activity;  both  contain  quinoline  rings  with 
alkylamine  substitutions  in  the  4-position.  NSC69603  (4-(2,5-dimethoxystryl)-quinoline),  was 
also  an  active  differentiation  agent,  but  atypically,  contained  a  dimethoxystiyl  substituent  in  the 
4-  position  of  the  quinoline  ring.  The  structure  of  NSC69603  predicts  that  its  cell  differentiating 
activity  might  be  distinct  from,  that  of  the  antimalarial  compounds. 

The  chemical  parallels  between  antimalarials  and  the  new  quinoline  class  of  breast  tumor  cell 
differentiation  agents  identified  by  functional  screening  suggest  the  malarial  literature  as  a  rich 
new  source  for  tumor  cell  differentiation  agents.  The  fortuitous  identification  of  NSC  100 10  as  a 
breast  tumor  cell  differentiating  agent,  a  bisquinoline  nearly  identical  to  an  antimalarial  (N,  N- 
Bis(7-chloroquinolin-4-yl)nonane-l, 9-diamine))  supports  this  hypothesis.  In  fact,  an  extensive 
series  of  4-substituted  bisquinolines  have  been  synthesized  because  they  show  good  activity 
agamst  chloroquine-sensitive  and  chloroquine-resistant  malaria  (28).  The  sensitivity  of 
chlorquine-resistant  malaria  to  bisquinolines  has  been  attributed  to  the  poor  drug  export  by  pfindr 
(Plasmodium  falciparum  multi-drug  resistant  pump),  one  important  malarial  resistant  factor. 
Drug  resistance  pumps  in  human  tumor  cells  and  Plasmodia  are  both  senstive  to  verapamil, 
raising  speculation  that  bisquinolines  would  provide  a  novel  source  of  breast  tumor  cell 
differentiation  agents  and/or  chemosensitizers  in  multi-drug  resistant  tumor  cells.  We  conclude 
that  antimalarial  bisquinolines  provide  an  exciting  category  of  compounds  for  future  evaluation 
as  breast  tumor  differentiating  agents. 
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Figure  Legends 

Figure  1.  MCF-7  Cell  Differentiation  by  TSA  and  Antimalarials.  MCF-7  cells  were 
incubated  with  quinidine  (QD,90  pM),  quinine  (QN,  90  pM),  or  primaquine  (PQ,  10  pM)for72 
h  or  TSA  (40  nM)  for  40  h;  cells  were  fixed  and  stained  with  Oil  Red  O.  Typical  microscopic 
fields  are  shown.  In  addition,  the  differentiation  response  was  quantified  by  counting  the  number 
of  lipid  droplets  in  each  cell  and  the  fraction  of  cells  in  each  category  was  computed. 

Figure  2.  MCF-7  Cell  Differentiation  Elicited  by  Selective  Antimalarials.  MCF-7  cells  were 
mcubated  with  ethanol  (CTRL,  0.1%),  chloroquine  (CQ,  10  pM),  halofantrine  (HF,  1  pM),  or 
mefloquine  (MQ,  lp  M)  for  72  h.  Cells  were  fixed  and  stained  with  Oil  Red  O.  Typical 
microscopic  fields  are  shown.  Lipid  droplets  were  quantified  as  described  in  Figure  1 . 

Figure  3.  Antimalarials  Increase  Histone  H4  Acetylation  in  MCF-7  Cells.  MCF-7  cells  (1  x 
107  cells/T150  flask)  were  incubated  in  the  presence  of  MTS  IC50  levels  of  chloroquine  (CQ), 
quinidine  (QD),  TSA,  quinine  (QN)  or  primaquine  (PQ)  for  24  h.  Histone  proteins  (50  pg)  were 
electrophoresed  through  12%  SDS  polyacrylamide  gels;  immunoblotting  was  performed  using 
antibody  against  acetylated  histone  H4. 

Figure  4.  Ki67  Index  of  Differentiation  in  MCF-7  Cells.  Compounds  (MTS  IC50  levels)  were 
added  to  the  cells;  48h  later,  immunohistochemistry  was  performed  to  detect  Ki67  antigen.  The 
Ki67  index  is  the  ratio  of  the  %  of  Ki67  negative  cells  in  (drug-treated/control  cells).  Control 
cells  were  treated  with  water,  0.1%  DMSO,  or  0.1%  ethanol  as  appropriate  in  each  experiment. 
Data  represent  the  mean  ±S.E.  of  n=  3  independent  experiments  except  NSC86372  (n=2), 
primaquine  (n=6),  NSC2039  (n=l),  NSC124637  (n=2),  hydroxychloroquine  (n=5),  NSC86373 
(n=4),  NSC305819  (n=4),  chloroquine  (n=7).  *  p<0.05 
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Figure  5.  Differentiation  of  MCF-7  Cells  by  NSC10010.  MCF-7  cells  were  incubated  with  4 
M.  M  NSC10010  or  solvent  control  (0.003%  DMSO)  for  48  hours.  Cells  were  fixed  and  stained 
with  Oil  Red  O  to  detect  lipid  droplet  accumulation  or  immunohistochemistry  was  performed  to 
detect  Ki67  antigen.  Results  shown  are  typical  of  n  =  3  experiments. 

Figure  6.  Chemical  Structures  of  Quinoline  Differentiation  Compounds. 

Figure  7.  Effect  of  Quinoline  Differentiation  Compounds  on  HDAC  Activity.  MTS  IC50 
levels  of  compounds  were  added  to  HeLa  cell  extracts  containing  HDAC  diluted  into  reaction 
buffer.  Reactions  were  initiated  by  the  addition  of  substrate.  Fluorescent  product  was  measured 
after  10  minutes  at  37°C.  Data  shown  are  the  fluorescent  product  released  as  %  of  control  (mean 
±  SE)  of  n=3  experiments  performed  in  triplicate.  *  p<0.05 

Figure  8.  Apoptosis  in  MCF-7  and  MDA-MB-231  Cells.  Cells  were  subcultured  into  96-well 
plates,  and  MTS  IC50  levels  of  compounds  were  added;  72  h  (MCF-7)  or  24  h  (MDA-MB-231) 
later,  apoptosis  was  assayed  using  a  nucleosome  release  ELISA.  Nucleosome  release  in  control 
cells  is  1.0,  and  the  ratio  of  nucleosomes  released  in  drug-treated/control  cells  is  plotted.  Data 
represent  the  mean  ±SD  of  triplicate  determinations  in  a  single  experiment. 
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Table  1.  Antiproliferative  Activity  of  Investigational  Drugs 

Compound  Growth  End-Points 

NSC  #  Antimalarial  MTS  IC50  SRB  GI50 
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NOVEL  BREAST  TUMOR 
DIFFERENTIATION  AGENTS  " 


Strobl  J.S.,  Zhou  Q.,  and  Martirosyan  A. 

West  Virginia  University 

I  jstrobl@hsc.wvu.edu 

I  The  use  of  breast  tumor  differentiating  agents  to  complement  existing  therapies  has  the 
|  potential  to  improve  breast  cancer  treatment.  We  are  investigating  the  use  of  antimalarials 
!  ^  breast  tumor  differentiation  agents  on  the  basis  of  previous  work  showing  that  quinidine 

!  induces  differentiation  and  apoptosis  in  human  breast  tumor  cells  in  vitro.  To  test  whether 
antitumor  activity  was  a  general  property  of  antimalarial  agents,  we  screened  a  panel  of 
quinidine  analogs.  We  found  that  MCF-7  cell  exit  from  the  cell  cycle  into  GO,  marked  by  a 
loss  of  Ki67  antigen  expression,  was  a  typical  response  to  antimalarial  drugs.  The  rank 
order  of  potency  for  MCF-7  cell  growth  inhibition  (MTS,  IC50)  in  a  series  of  antimalarials 
showed  quinidine  was  the  least  potent  among  common  antimalarial  agents:,  .primaquine 
(3  pM)<amodiaquin  (7  pM)<  halofantrine  (JO  pM)<  chloroquine  (35  quinine 
(40  pM)  <  quinidine  (110  pM).  These  antimalarial  agents  also  increased  acetylated  histone 
H4  levels  in  MCF-7  cells  a  response  that  is  associated  with  differentiation  in  human  breast 
I  tumor  cells.  We  suggest  that  antimalarials  raise  histone  H4  acetylation  levels  by  a  novel 
mechanism,  because  none  of  the  antimalarials  were  direct  inhibitors  of  HD  AC  1/  2  activity. 

|  Although  all  the  antimalarials  tested  elicited  two  novel  and  significant  antitumor  responses 
j  in  MCF-7  human  breast  tumor  cells,  histone  H4  hyperacetylation  and  cell  cycle  exit  into  a 
I  non-proliferative  (GO)  state,  only  quinidine  and  chloroquine  stimulated  apoptosis  in  MCF-7 
!  cells.  To  search  for  more  potent  structural  analogs  of  chloroquine  with  similar  antitumor 
responses  in  MCF-7  cells,  approximately  twenty  amino  alkyl  substituted  quinoline  ring 
j  compounds  from  the  NCI  Compound  Library  were  screened  for  growth  inhibition  (MTS 
!  IC50)  and  cell  cycle  exit  (Ki67  index).  NCI  4238  and  NCI  10010  inhibited  cell  survival  at 

sub-micromolar  concentrations,  stimulated  exit  from  the  cell  cycle  (Ki67  index),  and 
promoted  morphological  changes  typical  of  differentiating  breast  tumor  cells.  In  summary, 
^  antimalarial  agents  and  structural  analogs  exhibit  antitumor  properties  in  human  breast 
cancer  cells  in  vitro  that  are  consistent  with  a  novel  mechanism  of  action  as  breast  tumor 
cell  differentiating  agents. 
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NSC  3852,  a  new  histone  deacetylase  inhibitor  with  breast  tumor  cell  differentiation 
activity. 

R.  Martirosyan,  J.  S.  Strobl.  Dept,  of  Biochemistry  and  Molecular  Pharmacology 

We  identified  the  quinoline,  NSC  3852,  as  a  differentiating  agent  in  MCF-7  (10-20  uM) 
and  MDA-231  (7-12  uM)  cells  in  a  screen  using  Oil  Red  O  to  monitor  drug-induced  lipid 
droplet  accumulation.  NSC  3852  (20  uM)  inhibited  histone  deacetylase  (HDAC)  activity  in 
HeLa  cell  extracts  by  30%.  NSC  3852  inhibited  cell  growth,  using  the  MTS  metabolism 
end-point,  in  MCF-7  (IC50,  14  uM)  and  MDA-231  (IC50,  2.0uM)  cells  over  this 
concentration  range.  The  apoptotic  potential  of  this  compound  was  demonstrated  using  a 
nucleosome  release  ELISA.  By  24  h,  levels  of  Myc  protein  and  E2F1  protein  in  MCF-7 
cells  exposed  to  IOuM  NSC  3852  were  decreased  by  70%  and  90%,  respectively.  After 
48h,  ~50%  of  MCF-7  cells  had  accumulated  in  GO  phase  of  the  cell  cycle  as  marked  by 
the  loss  of  immunoreactive  Ki67  antigen  and  the  prominence  of  hypophosphorylated 
pRb.  Total  E2F  transcription  activity  measured  using  E2F-driven  luciferase  reporter  gene 
decreased  by  ~36  %.  In  conclusion,  the  quinoline,  NSC  3852,;  promotes  differentiation  in 
human  breast  tumor  cell5  lines  in  vitro.  The  biochemical  actions  of  NSQ  3852  include 
inhibition  of  HDAC  activity  and  cell  cycle  arrest  in  GO  characterized  by  marked  reductions 
in  the  levels  of  Myc  and  E2F1  protein.  Support:  DAMD  17-00-1-500.  j 


